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REMARKS 

Claims 1-45 are pending. Claims 1-40 stand rejected in the present application. Claims 44 
and 45 are newly added. Claims 41-43 are withdrawn as being directed to a non-elected 
invention. Applicants will cancel such claims upon indication of allowable subject matter. 
Applicants respectfully request reconsideration in view of the following remarks. Issues raised 
by the Examiner will be addressed below in the order they appear in the prior Office Action. 

Rejections under 35 U.S.C. SI 12, first paragraph. 

Claims 1-40 are rejected under 35 U.S.C. 1 12, first paragraph, as allegedly containing 
subject matter which was not described in the specification in such a way as to enable one skilled 
in the art to which it pertains, or with which it is most nearly connected, to make or use the 
invention. Applicants respectfully traverse this rejection. 

Although the Office Action states that Applicants' previous arguments were considered, 
it does not appear to be so. Rather, Applicants' arguments and evidence have been summarily 
dismissed in favor of continued reliance on a single statement that allegedly supports the 
Examiner's position. Applicants respectfully direct the Examiner's attention to MPEP 2164.05(a) 
- "Determination of Enablement Based on Evidence as a Whole". Applicants submit that this 
section requires the Examiner to address the arguments and evidence that support Applicants' 
position and clearly explain, if the rejection is to be maintained, why these arguments and 
evidence are not persuasive. Otherwise, Applicants face an unreasonable burden in preparing this 
application for appeal. 

Applicants respectfully point out that the invention would not be enabled only if a skilled 
artisan would require undue experimentation to practice the invention. Applicants direct the 
Examiner's attention to MPEP 2164.04, which delineates the burden carried by the PTO in order 
to make a prima facie case of lack of enablement. The provision states that the Examiner must 
"establish a reasonable basis to question the enablement provided for the claimed invention," and 
that "it is incumbent upon the Patent Office, whenever making a rejection on this basis, "to 
explain why it doubts the truth or accuracy of any statement in a supporting disclosure and to 
back up assertions of its own with acceptable evidence or reasoning. ..." In re Marzocchi, 169 
USPQ 367, 370 (CCPA 1971). Moreover, the Examiner must consider the level of skill in the art. 
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As set forth in MPEP §2164.06, "a considerable amount of experimentation is permissible, if it is 
merely routine," such that, as stated in MPEP 2164.01(c), "if the art recognizes that standard 
modes of administration are known and contemplated, 35 U.S.C. 1 12 is satisfied." 

The arguments set forth in the Office Action do not satisfy the PTO's burden. The 
arguments fail to provide a reasonable basis for the rejections and, indeed, they vitiate entirely 
the level of skill accorded to one of skill in the art. 

The Office Action asserts that Applicants have failed to provide guidance on the 
preparation of suitable compounds other than the "quinazoline compounds." However, 
Applicants respectfully point out that the application provides guidance as to a variety of suitable 
compounds both among and in addition to the referenced "quinazoline compounds." The 
specification discloses over 50 exemplary compounds in Figure 32a-32m, each having 
differences in chemical structure. The listed compounds differ widely, and include at least three 
distinct classes of compounds. See, for example, compounds 32-35, 47-49, and 77-82. Thus, 
compounds other than the "quinazoline compounds" are clearly both disclosed and enabled by 
the specification. 

Furthermore, Applicants submit that, as of the priority date of this application, one skilled 
in the art would readily have been able to identify additional compounds within the scope of 
those recited in the claims through use of chemical libraries. The application teaches the use of 
chemical libraries for the identification of lead compounds, as discussed for example on pp. 87- 
92. To illustrate, Applicants themselves used commercially available compound libraries to 
identify the compounds depicted in Figure 32, as shown in the specification on pp. 92-94. 
Although the specification may not provide extensive guidance on the procurement of chemical 
libraries, MPEP 2164.05(a) makes clear that the "specification need not disclose what is well- 
known to those skilled in the art and preferably omits that which is well-known to those skilled 
and already available to the public. In re BuchnerT Chemical libraries, each with thousands of 
different compounds, were not only readily prepared but were commercially available before this 
application was filed, and those skilled in the art would readily have been able to procure and test 
such libraries in the assays described in the specification, e.g., on pages 90-92. Those compounds 
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described in the specification on pp. 87-95 are merely illustrative, and "widely diverse libraries 
of compounds" can be synthesized or procured and used. See p. 90. 

To support this position, Applicants previously submitted Exhibit A, a copy of Drug & 
Market Development, 1998, Vol. 9, 89-104, showing that, well before the filing of this 
application, high through-put screening techniques were used to screen thousands of individual 
compounds and other materials for effectiveness in processes of interest. Similarly, Applicants 
also previously submitted as Exhibit B a copy of Arenas et al., Nucleic Acids Symposium Series, 
1999, No. 41, 13-16, to show that a skilled artisan would have been able to screen libraries of 
thousands of compounds derived from a variety of different chemical classes. Id. at 15. Although 
the Office Action points to a statement from Exhibit A (from Drug & Market Development) that 
characterization of lead compounds is an information-intensive exercise, Applicants submit that 
this statement applies to any circumstance where a compound is identified as having a biological 
activity, regardless of whether high-throughput screening was used to identify the compound. 
The subsequent studies for assessing toxicology, pharmacokinetics, and other relevant data relate 
not to the compound's activity, usefulness, or enablement, but to the compound's safety, 
efficacy, and marketability - subjects inappropriate for PTO inquiry, as stated in MPEP 
2107.01(111). Moreover, however burdensome in time, resources, or expense, the "subsequent 
characterization" of a lead compound referred to in Exhibit A was routine and well known in the 
art at the time of filing, and routine experimentation is never undue. See MPEP 2164.06. Indeed, 
contract laboratories that perform these studies have existed for years; no further intellectual 
investment is required to perform such characterization. Accordingly, Applicants submit that the 
statement quoted by the Examiner does not detract from the enablement of the presently claimed 
subject matter, especially viewed in light of the evidence as a whole. 

Thus, one skilled in the art would readily have been able to apply well-known screening 
techniques to chemical libraries and identify exemplary active compounds of widely varying 
structures in the disclosed assays. For example, Applicants point to the available screening 
assays disclosed on pp. 90-92 of the specification. No undue experimentation would have been 
required to apply these assays to high-throughput screening techniques; indeed the practice was 
routine, if not trivial. Accordingly, Applicants respectfully request the withdrawal of the 
enablement rejection. 
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The Office Action's assertion that inadequate correlation is shown between the "in vitro 
data" and "w vivo applications" is misplaced. As discussed in MPEP §2164.02, either an in vitro 
or in vivo example provides an adequate working example to enable a claimed method if the 
example correlates with the method. Applicants have claimed a method of inhibiting a hedgehog 
pathway in a cell having a functional patched receptor. The described experiments clearly 
exemplify this method, including those seen on pp. 92-95 of the specification. The method can 
easily be applied to cell culture development. For example, p. 48 illustrates the use a hedgehog 
antagonist to alter the rate of proliferation of neuronal stem cells in a cell culture, which may 
assist in generating and/or maintaining arrays of different vertebrate tissue. 

Applicants also respectfully assert that the reference to Bale et al. is inapposite to 
Applicants' claims. As exemplified on p. 94 of the specification, Applicants' claimed method 
includes the use of a compound that inhibits the hedgehog pathway in a cell having a functional 
patched receptor but does not inhibit the hedgehog pathway in a patched-n\x\\ cell, i.e., a cell that 
lacks a functional patched receptor. To the extent the Bale article refers to mutated cells having 
no functional patched receptor, Applicants' claimed method would not be expected to inhibit the 
hedgehog pathway, and thus the existence or not of known correlations between various 
observed phenotypes and the "nature or location of mutations" is irrelevant. On the other hand* 
the claimed method is applicable to a variety of physiological systems having no patched 
mutations. For example, the method is applicable not only to cell culture, as mentioned above, 
but also to the control of hair growth (pp. 65-66) and to spermatogenesis (p. 66), all of are 
relevant to cells with functional patched receptors. 

If the Examiner wishes to maintain the rejection, in light of Applicants' arguments of 
record and the presumption in favor of Applicants, it is respectfully asserted that the present 
rejection must be supported by substantial evidence to rise above the "arbitrary, capricious" 
standard applied under the "substantial evidence" test of Section 706(2)(E) of the Administrative 
Procedure Act. Dickinson v. Zurko, 119 S.Ct. 1816 (1999). No art has been made of record other 
than Bale et al., which is clearly inapposite to Applicants' claimed invention as argued above. 
Nor has the Examiner relied on any other fact-finding results to rebut the presumption in favor of 
Applicants or to support the argument that one skilled in the art would have required undue 
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experimentation to make and use the claimed invention. Accordingly, reconsideration and 
withdrawal of this rejection are respectfully requested. 

Rejections based on 35 U.S.C. $ 102. 

1 . Claims 1-40 are rejected under 35 U.S.C. §102(a) as being anticipated by WO 00/41545. 
Applicants respectfully traverse this rejection. 

Claim 1 is directed to a method of inhibiting a hedgehog pathway in a cell having a 
functional patched receptor, comprising administering an effective amount of a compound that 
inhibits the hedgehog pathway in the cell having a functional patched receptor but does not 
inhibit the hedgehog pathway in a patched-mA\ cell , (emphasis added) The compounds disclosed 
in WO 00/41545 fail to satisfy this last characteristic. 

This fact is made clear by experiments described in the present application. On page 95, 
compounds of the invention are tested in patched-rmll cell assays, and are found not to inhibit the 
hedgehog pathway, as measured by expression of g/M. In contrast, jervine, a compound 
representative of the compounds disclosed in WO 00/41545, does decrease expression of gli-\ in 
these cells. To support this observation, Applicants submit herewith Exhibit C (Chen et al., 
PNAS U.S.A. 2002, 99, 14071-6), which discloses at the bottom of page 14072 that a 
cyclopamine derivative suppresses hedgehog activity in patched-n\x\\ cells. Cyclopamine is 
another of the compounds disclosed in WO 00/41545 as being a hedgehog antagonist. 
Accordingly, Applicants submit that the subject matter described in WO 00/41545 does not meet 
all the limitations of claim 1, because the disclosed compounds do inhibit the hedgehog pathway 
in patched-rmll cells, and therefore claim 1 and its dependent claims are not anticipated by this 
reference. 

Claim 30 recites a method of inhibiting activation of a hedgehog pathway by a hedgehog 
protein, comprising administering an effective amount of a compound that inhibits activation of 
the hedgehog pathway by a hedgehog protein in a cell having a functional patched receptor but 
does not inhibit activation of the hedgehog pathway by a compound having a particular structure. 
The compounds disclosed in WO 00/41545 also fail to satisfy this criterion. 
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The top left-hand column of page 14073 of Exhibit C discloses that cyclopamine 
derivatives compete with and antagonize the activity of SAG, a compound having a very similar 
structure to the structure presented in claim 30. Applicants also submit Exhibit D (Frank- 
Kamenetsky et al., J. Biol. 2002 5 1, 10.1-10.19), which discloses that a number of antagonists, 
including cyclopamine, inhibit the agonism of other similar agonists on page 10.7, right-hand 
column. Accordingly, Applicants submit that cyclopamine and the other compounds of WO 
00/41545 fail to meet all the limitations of claim 30, and therefore do not anticipate this claim or 
the claims dependent on it. 

For the reasons presented above, Applicants submit that the presently claimed subject 
matter is novel over WO 00/41545. Reconsideration and withdrawal of this rejection are 
respectfully requested. 

2. Claims 1-40 are rejected under 35 U.S.C. §102(e) as being anticipated by U.S. Patent No. 
6,545,005. Applicants respectfully traverse this rejection, because the present application claims 
priority to this patent as well as to its priority documents. Rejecting an application under 35 
U.S.C. § 102(e) is improper when the basis of the rejection is a priority document for the rejected 
application, even where the inventorship and disclosure are not identical. Put another way, the 
present application is entitled to an effective filing date for the subject matter disclosed in U.S. 
Patent 6,545,005 and its priority documents as of the very date those applications were filed, and 
therefore the requirements of 35 U.S.C. §102(e) have not been met. Reconsideration and 
withdrawal of this rejection are respectfully requested. 

CONCLUSION 

In view of the foregoing amendments and remarks, Applicants submit that the pending 
claims are in condition for allowance. Early and favorable reconsideration is respectfully 
solicited. The Examiner may address any questions raised by this submission to the undersigned 
at 617-951-7000. Should an extension of time be required, Applicants hereby petition for same 



9465744-2 



- 12- 



and request that the extension fee and any other fee required for timely consideration of this 
submission be charged to Deposit Account No. 18-1945. 



Date: July 22. 2004 



Ropes & Gray LLP 
One International Place 
Boston, MA 02110 
Phone: 617-951-7000 
Fax: 617-951-7050 



Respectfully Submitted, 




Customer No: 28120 
Docketing Specialist 



David P. Halstead 
Reg. No. 44,735 
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EXHIBIT C 



Small molecule modulation of Smoothened activity 

James K. Chen, Jussi Taipale, Keith E. Young, Tapan Maiti, and Philip A. Beachy* 

Department of Molecular Biology and Genetics, Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore, MD 21205 



Contributed by Philip A. Beachy, September 6, 2002 

Smoothened (Smo), a distant relative of G protein-coupled recep- 
tors, mediates Hedgehog (Hh) signaling during embryonic devel- 
opment and can initiate or transmit ligand-independent pathway 
activation in tumorigenesis. Although the cellular mechanisms that 
regulate Smo function remain unclear, the direct inhibition of Smo 
by cy do pa mine, a plant-derived steroidal alkaloid, suggests that 
endogenous small molecules may be involved. Here we demon- 
strate that SAG, a chlorobenzothiophene-containing Hh pathway 
agonist, binds to the Smo heptahelical bundle in a manner that 
antagonizes cyclopamine action. In addition, we have identified 
four small molecules that directly inhibit Smo activity but are 
structurally distinct from cyclopamine. Functional and biochemical 
studies of these compounds provide evidence for the small mole- 
cule modulation of Smo through multiple mechanisms and yield 
insights into the physiological regulation of Smo activity. The 
mechanistic differences between the Smo antagonists may be 
useful in the therapeutic manipulation of Hh signaling. 

Hedgehog (Hh) signaling normally functions to specify em- 
bryonic pattern by directing cellular differentiation and 
proliferation (1), whereas aberrant Hh pathway activation is 
associated with the formation of tumors such as basal cell 
carcinoma and medulloblastoma (2-4). Cellular responses to the 
secreted Hh polypeptide are mediated by two integral membrane 
proteins, Patched (Ptc) and Smoothened (Smo), which were first 
identified by genetic screens in Drosophila (5-9). Hh binds to the 
twelve-pass transmembrane protein Ptc (8, 10, 11), thereby 
alleviating Ptc-mediated suppression of Smo (12), a distant 
relative of G protein coupled receptors. Smo activation then 
triggers a series of intracellular events, culminating in the 
stabilization of the transcription factor Cubitus interruptus (Ci) 
and the expression of Ci-dependent genes (13, 14). These events 
are recapitulated during mammalian development and tumori- 
genesis through multiple protein homologues, including three 
distinct Hh family members [Sonic (Shh), Indian (Ihh), and 
Desert (Dhh)], two Ptc proteins (Ptchl and Ptch2), and three 
Ci-like transcription factors (Glil, Gli2, and Gli3; ref. 1). In 
contrast, there is a single vertebrate homologue of Smo, which 
is implicated in all forms of Hh signaling by genetic analyses in 
Drosophila, mice, and zebrafish (15-18). 

Despite this central role of Smo as mediator of all Hh 
signaling, the mechanisms by which Smo activation is regulated 
and coupled to downstream components remain enigmatic. 
Studies in Drosophila have shown that Hh stimulation is associ- 
ated with changes in the phosphorylation state and subcellular 
localization of Smo (19, 20), but the relationship of these events 
to Smo activation is not known. How Ptc inhibits Smo function 
is also not well understood, although it appears that Ptc acts 
catalytically (21). It is similarly unclear how structural pertur- 
bations such as those found in an oncogenic Smo mutant 
(W539L; SmoAl) cause constitutive pathway activation. Recent 
studies in our laboratory suggest that Smo regulation may involve 
endogenous small molecules. The plant-derived steroidal alka- 
loid, cyclopamine, antagonizes Hh signaling (22-24) by binding 
directly to the Smo heptahelical domain (25), and Ptc is struc- 
turally related to the resistance-nodulation-cell division (RND) 
family of prokaryotic permeases and to the Niemann-Pick CI 
(NPC1) protein, both of which are capable of transporting 
hydrophobic compounds (26, 27). Thus, Ptc might control Smo 
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function by influencing its interactions with cellular small 
molecules. 

To study the biochemical basis of Smo activation further, we 
set out to identify and characterize other small molecules that 
modulate Smo function. We report here that a family of chloro- 
benzothiophene molecules identified as Hh pathway agonists 
(28) act by binding to the Smo heptahelical bundle. We also 
describe four previously uncharacterized Smo antagonists 
discovered through small molecule screens for Hh pathway 
inhibitors. In addition to providing mechanistic insights, such 
modulators may have therapeutic potential, as demonstrated by 
the beneficial effects of cyclopamine in treating a mouse model 
of medulloblastoma (29). 

Materials and Methods 

Preparation of Synthetic Compounds. Procedures for the chemical 
synthesis of compounds described in this report are included in 
Supporting Text, which is published as supporting information on 
the PNAS web site, www.pnas.org. 

Cell-Based Assays for Hh Pathway Activation. Assays for Hh pathway 
activation in Shh-LIGHT2 cells, a clonal NIH 3T3 cell line stably 
incorporating Gli-dependent firefly luciferase and constitutive 
Renilla luciferase reporters, were conducted as described (24). 
For studies of SAG (a chlorobenzothiophene-containing Hh 
pathway agonist) and PA-SAG, Shh-LIGHT2 cells were cultured 
to confluency in 96-well plates and then treated with various 
concentrations of these compounds in DMEM containing 0.5% 
(vol/vol) bovine calf serum. 

SmoAl-LIGHT2 cells are a clonal NIH 3T3 cell line stably 
incorporating a Gli-dependent firefly luciferase reporter, a 
constitutive [thymidine kinase promoter] /3-galactosidase re- 
porter, and a constitutive [cytomegalovirus promoter] SmoAl 
expression construct (24). These cells were cultured to conflu- 
ency in 96-well plates using DMEM containing 10% (vol/vol) 
bovine calf serum, zeocin, and G418 and then treated with 
various concentrations of the indicated compounds in DMEM 
containing 0.5% bovine calf serum. After incubation at 37°C for 
30 h, cellular firefly luciferase and 0-galactosidase activities were 
measured by using chemiluminescence. 

Assays for Hh pathway activation in ^2 Ptchl ~ j ~ cells, fibroblasts 
derived from mouse embryos lacking Ptchl function, were 
conducted as described (24). 

To study the effects of Ptchl expression levels on SAG activity, 
NIH 3T3 cells were cultured in 96-well plates and transfected 
with the Gli-dependent firefly luciferase and simian virus 40 
promoter containing Renilla luciferase reporters (50 ng per well; 
20:1 plasmid ratio) and varying amounts of a mouse Ptchl 
expression construct (0, 1, 5, and 25 ng per well). An expression 
construct for GFP was used to normalize total transfected DNA 
levels. Two days after transfection, the confluent NIH 3T3 cells 
were treated with varying concentrations of SAG (0-1.5 /xM) in 
DMEM containing 0.5% (vol/vol) bovine calf serum for 30 h at 
37°C. Cellular firefly and Renilla luciferase activities were then 
measured (24). 



Abbreviations: Smo, Smoothened; SAG, 5mo agonist; SANT, Smo antagonist; ER, 
endoplasmic reticulum. 

*To whom correspondence should be addressed. E-mail: pbeachy@jhmi.edu. 
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Exhibit C 



Preparation of Smo Fusion Proteins and Deletion Mutants. Smo-MyCa 
and SmoAl-Myc3 contain three consecutive Myc epitopes at the 
protein C terminus. The deletion mutant SmoACRD lacks 
amino acids 68-182, and SmoACT lacks amino acids 556-793. 
All constructs were generated by PCR and verified by DNA 
sequencing. 

Photoaffinity Labeling of Smo Proteins. Cross-linking studies of 
Smo-Myc3 with PA-cyclopamine were conducted as described 
(25). Analogous procedures were used for PA-SAG: each well of 
transfected Cos-1 cells was incubated with 125 I-labeled PA-SAG 
[1 /xCi (1 Ci = 37 GBq); ~0.5 nM final concentration] and the 
indicated compounds, and Cos-1 cells expressing GFP were used 
as a control. 

Fluorescence Binding Assays. Fluorescence binding assays using 
BODIPY-cyclopamine were conducted as described (25). For 
binding assays using fixed cells, Cos-1 cells were transfected in 
15-cm dishes with a Smo expression vector, trypsinized, and fixed 
with 4% (wt/vol) paraformaldehyde for 10 min at room tem- 
perature. The cells were washed, resuspended in phenol red-free 
DMEM containing 0.5% (vol/vol) bovine calf serum, and incu- 
bated with 5 nM BODIPY-cyclopamine and the indicated com- 
petitors for 1 h at room temperature. The treated cells then were 
collected by centrifugation and analyzed by flow cytometry. 

Small Molecule Screens for Hh Pathway Modulators. Compounds 
(10,000) were acquired from Chembridge (San Diego) as DMSO 
solutions in 96-well format. Shh-N (N-terminal fragment of Shh 
without cholesterol modification)-conditioned medium was ob- 
tained from an HEK 293 cell line stably transfected with Shh-N 
expression and neomycin resistance constructs. The Shh-N- 
producing HEK 293 cells were grown to 80% confluency in 
DMEM containing 10% (vol/vol) FBS and 400 jmg/ml G418. 
The medium then was replaced with DMEM containing 2% 
(vol/vol) FBS, and after 1 day of growth, the medium was 
collected and filtered through a 0.22-/xm membrane. Control 
medium was obtained from HEK 293 cells. Shh-LIGHT2 cells 
were then cultured to confluency in 96-well plates and treated 
with the small molecules (0.714 txg/m\; juM compound in 
each well) in the presence of either Shh-N-conditioned medium 
or HEK 293 control medium (1:25 dilution into DMEM con- 
taining 0.5% bovine calf serum). After incubating the treated 
cells for 30 h at 37°C, cellular firefly and Renilla luciferase 
activities were measured (24). 

Results 

SAG, a Synthetic Hh Pathway Agonist, Regulates Smo Activity. Syn- 
thetic compounds with Hh pathway-modulating activity have 
recently been described (28), including a family of chlorobenzo- 
thiophene molecules capable of activating signal transduction in 
an Hh protein-independent manner (28). To investigate the 
molecular mechanism by which these molecules act, we began by 
demonstrating that one of these compounds, here named SAG 
(Fig. L4), induces pathway activation in a mouse cultured cell 
assay (Shh-LIGHT2; ref. 24) with an EC 5 o of -3 nM (Fig. IB). 
Although the potency of this small molecule in pathway activa- 
tion is similar to that of the processed N-terminal fragment of 
Shh (ShhNp), it differs in that pathway activity decreases dra- 
matically as SAG concentration surpasses 1 jaM (discussed more 
fully below). 

Consistent with this differential activity profile, SAG is dis- 
tinct from ShhNp in its mode of action. Whereas ShhNp induces 
pathway activation by inhibiting Ptchl and/or Ptch2 function, 
SAG activity is independent of the Ptch proteins, as demon- 
strated by its effect on P2 rtcA '-'- cells (24, 30). Treatment of 
these cells with 100 nM KAAD-cyclopamine, a potent cyclo- 
pamine derivative (IC50 = 20 nM in the Shh-LIGHT assay; ref. 
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Fig. 1. SAG acts downstream of Ptchl in the Hh pathway and counteracts 
cyclopamine inhibition of Smo. (A) Chemical structure of SAG and its activity in 
Shh-UGHT2 cells. (B) SAG induces firefly luciferase expression in Shh-LIGHT2 cells 
with an EC50 of 3 nM and then inhibits expression at higher concentrations. For 
comparison, the luciferase activity induced by 2 nM ShhNp is indicated by the 
green line. (C) SAG induces /3-galactosidase expression in P2 Ptch1 ~ f ~ cells treated 
with 100 nM KAAD-cyclopamine. Hh pathway activation inthese cells is indicated 
by 0-galactosidase activity, because expression of this reporter enzyme is under 
the control of the Ptchl promoter, and Ptchl itself is a transcriptional target of Hh 
signaling. Observed /3-galactosidase activities in the absence of pharmacological 
modulation and with 100 nM KAAD-cyclopamine alone are indicated by the 
green and red lines, respectively. (D) SAG induces firefly luciferase expression in 
SmoA1-LIGHT2 cells treated with 1.5 /xM KAAD-cyclopamine. Luciferase activities 
in the absence of small molecules and in the presence of 1.5 /iM KAAD- 
cyclopamine alone are depicted by the green and red lines, respectively. 
(£) Cyclopamine and SAG have antagonistic effects on Hh pathway activation in 
Shh-LIGHT2 cells. Fifteenfold higher concentrations of KAAD<yclopamine are 
required to inhibit luciferase expression induced by 100 nM SAG (red trace) than 
are necessary to block luciferase expression induced by 4 nM ShhNp (black trace). 
Relative luciferase activities are normalized with respect to maximum activity 
levels. (F) Similarly, 20 times more SAG is required to activate the Hh pathway in 
cells treated with 200 nM KAAD-cyclopamine (red trace) than is necessary to 
activate the pathway to comparable levels in untreated Shh-LIGHT2 cells (black 
trace). (G) Cross-linking of ER-localized (white arrowhead; see text and ref. 25) 
and post-ER (black arrowhead) forms of Smo-Myc3 in Cos-1 cells with 125 l-labeled 
PA-cyclopamine is inhibited by SAG in a dose-dependent manner (Top). Cellular 
levels of Smo-Myc3 are not affected by agonist treatment (Bottom). (H) Ptchl 
inhibits SAG-induced pathway activation in a dose-dependent manner. NIH 3T3 
cells were transiently transfected with the Gli-dependent firefly luciferase re- 
porter and varying amounts of a Ptchl expression construct. Transfected cells 
then were treated with a range of SAG concentrations, and the maximum 
luciferase activities observed for each amount of transfected Ptchl cDNA are 
shown. All firefly luciferase and 0-galactosidase activities are the average of three 
experiments and are normalized relative to a control reporter. 



24), completely suppressed the constitutive pathway activation 
resulting from loss of Ptchl function. This activity was restored 
by simultaneous addition of SAG (Fig. 1C), indicating that the 
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cellular target of SAG is downstream of Ptchl. SAG similarly 
overcame KAAD-cyclopamine-mediated pathway inhibition in 
SmoAl-overexpressing cells (SmoAl-LIGHT2 cells; Fig. ID), 
which also exhibit constitutive pathway activation in the absence 
of exogenous small molecules. These observations indicate that 
SAG acts on the Hh pathway at the level of Smo or on a 
downstream component. 

We mapped the site of SAG action further by evaluating its 
functional and biochemical interactions with cyclopamine. SAG 
and cyclopamine activities are mutually antagonistic, consistent 
with opposing actions on a common target. For example, inhi- 
bition of pathway activation induced by SAG required a 15-fold 
higher concentration of KAAD-cyclopamine than that observed 
in ShhNp-stimulated cells (Fig. 1£), and SAG activity in Shh- 
LIGHT2 cells was attenuated 20-fold by the addition of 200 nM 
KAAD-cyclopamine (Fig. 1^). Biochemical evidence for this 
antagonistic relationship was then obtained by demonstrating 
the ability of SAG to inhibit the cross-linking of Smo expressed 
in Cos-1 cells by an 125 I-labeled photoaffinity derivative of 
cyclopamine (PA-cyclopamine) (ref. 24; Fig. 1C). These results 
suggest that Smo is the target of SAG action within the Hh 
pathway, either through a direct interaction or an intermediate 
component. Accordingly, increased Ptchl expression reduces 
the maximum levels of SAG-induced pathway activation in NIH 
3T3 cells (Fig. \H). 

SAG Binds Directly to the Smo Heptahelical Bundle. To examine the 
possibility of direct action of SAG on Smo, we used a photoaf- 
finity reagent, PA-SAG, that activates the Hh pathway in 
Shh-LIGHT2 cells, albeit with some attenuation in potency 
(EC 5 o = 250 nM; Fig. 24). We then expressed Smo in Cos-1 cells 
to produce endoplasmic reticulum (ER)-localized and post-ER 
forms of Smo, as previously characterized by endo H digestion 
and subcellular localization studies (25). Photoactivation of 
125 I-labeled PA-SAG in transfected Cos-1 cells labeled the 
post-ER form of Smo but not the ER-localized forms of Smo or 
SmoAl (Fig. IB), This result contrasts the ability of SAG itself 
to inhibit the cross-linking of both ER-localized and post-ER 
Smo by PA-cyclopamine (see Fig. 1G). In any case, PA-SAG 
labeling of post-ER Smo is because of specific binding, as SAG 
inhibited this reaction in a range comparable to that required to 
inhibit PA-cyclopamine/Smo cross-linking (IC50 = 15-50 nM; 
Fig. 2 C and G), and there was essentially no cross-linking to 
non-native, SDS-resistant Smo aggregates. Consistent with the 
mutual antagonism of SAG and cyclopamine activities, KAAD- 
cyclopamine also was able to inhibit PA-SAG/Smo cross-linking, 
although surprisingly this inhibition required concentrations of 
KAAD-cyclopamine (IC50 ** 500 nM; Fig. 2D) significantly 
greater than those necessary for inhibiting PA-cyclopamine/ 
Smo cross-linking (IC50 = 15-50 nM; ref. 25). These observa- 
tions demonstrate that SAG activates the Hh pathway by binding 
directly to Smo. The affinity of SAG for Smo was then deter- 
mined by evaluating its inhibitory activity toward the binding of 
a fluorescent cyclopamine derivative (BODIPY-cyclopamine; 
ref. 25) to Smo-expressing Cos-1 cells. SAG blocked this asso- 
ciation in a dose-dependent manner, yielding an apparent dis- 
sociation constant (Ko) of 59 nM for the SAG/Smo complex 
(Fig. IE), 

Having established Smo as the direct cellular target of SAG, 
we next investigated the structural determinants of Smo required 
for SAG binding. We previously found that BODIPY- 
cyclopamine can also bind cells expressing Smo proteins that lack 
either the N-terminal, extracellular cysteine-rich domain 
(SmoACRD) or the cytoplasmic C-terminal domain (SmoACT; 
ref. 25). The binding of BODIPY-cyclopamine to the Smo- 
deletion mutants was inhibited by 150 nM SAG to an extent 
similar to that observed with cells expressing WT Smo (Fig. 2F), 
indicating that SAG binds to all three Smo proteins with 
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Fig. 2. SAG binds directly to Smo heptahelical bundle. (A) Chemical structure 
of the photoaffinity reagent PA-SAG and its activity in Shh-LIGHT2 cells. 
(B) 125 l-labeled PA-SAG cross-links the post-ER form of Smo-Myc 3 (black 
arrowhead) expressed in Cos-1 cells upon photoactivation, and this reaction is 
inhibited by 150 nM SAG (Left). The ER-localized form of Smo-Myc 3 (white 
arrowhead) is not detectably cross-linked, and cells expressing GFP as a control 
or SmoA1-Myc3 do not yield specifically cross-linked products. An endogenous 
Cos-1 protein that ts nonspecifically labeled by PA-SAG is denoted by the 
asterisk. Expression levels of Smo-Myc3 and SmoA1-MyC3 as determined by 
Western analysis are shown for comparison (Right). (Q SAG competes for 
PA-SAG cross-linking of post-ER Smo-Myc3 (Left) in a manner similar to its 
ability to inhibit PA-cyclopamine cross-linking of Smo-Myc3 (see Fig. 1G). 
Cellular levels of post-ER Smo-Myc 3 are not affected by SAG (Right). (D) 
KAAD-cyclopamine inhibits PA-SAG cross-linking of post-ER Smo-Myc3, but 
concentrations greater than its apparent Ko for Smo (23 nM; ref. 25) are 
required (Left). Expression levels of post-ER Smo-Myc3 are shown for compar- 
ison (Right). (B) SAG competes for the binding of BODIPY-cyclopamine to 
Smo-expressing cells, yielding an apparent dissociation constant of 59 nM for 
the SAG/Smo complex. (F) The binding of BODIPY-cyclopamine to Cos-1 cells 
expressing Smo, SmoACRD, or SmoACT is inhibited by 1 50 nM SAG with similar 
potencies, demonstrating that the SAG-binding site is localized to the Smo 
heptahelical bundle. 



comparable affinities. As observed in our earlier studies, the 
different levels of BODIPY-cyclopamine binding associated 
with Smo, SmoACRD, and SmoACT likely reflect variations in 
protein expression levels (25). Thus, SAG interacts with the 
heptahelical bundle of Smo and does not require the cytoplasmic 
tail or CRD for binding. 

Other Small Molecules Antagonize Smo Activity. Cyclopamine and 
SAG each bind the heptahelical bundle of Smo, yet these two 
compounds have opposing effects on Smo activity. To under- 
stand Smo regulation through small molecule binding better, we 
identified six additional effectors of the pathway using the 
Shh-LIGHT2 assay in a high-throughput format. Four of these 
compounds (SANT-1 through SANT-4; Fig. 14) potently inhibit 
Shh signaling (Fig. 35) by binding directly to Smo, as indicated 
by their ability to inhibit the association of BODIPY- 
cyclopamine with Smo-expressing cells (Fig. 3C). The other two 
Hh pathway inhibitors appear to act downstream of Smo (J.K.C. 
and P.A.B., unpublished data). 

The four Smo antagonists display an interesting range of 
similarities and differences in comparison to cyclopamine and to 
each other (Table 1). Like cyclopamine (25), SANT-2, -3, and -4 
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Fig. 3. Smo antagonists identified from a screen of 10,000 small molecules. 
(A) Chemical structures of SANTs and their activities in the Shh-LIGHT2 assay. 
The color-coding scheme used in the graphs is depicted by the blue, green, 
orange, and red lines, (5) The SANT compounds inhibit ShhNp-induced firefly 
luciferase expression in Shh-LIGHT2 cells. (O The SANT molecules block the 
binding of BODIPY-cyclopamine to Smo-expressing Cos-1 cells, but SANT-1 
and SANT-3 are unable to reduce BODIPY-cyclopamine binding to nonspecific 
levels. Nonspecific binding as defined by cellular BODIPY-cyclopamine levels in 
the presence of 500 nM KAAD-cyclopamine is indicated by the gray line. (D) 
Higher SAG concentrations are required to induce luciferase expression in 
Shh-LIGHT2 cells treated with 100 nM SANT-1 (blue trace), 150 nM SANT-2 
(green trace), 500 nM SANT-3 (orange trace), or 1 /i.M SANT-4 (red trace) than 
are necessary to induce comparable luciferase activities in untreated Shh- 
LIGHT2 cells (black trace). (£) Unlike cyclopamine and its derivatives, the SANT 
compounds inhibit constitutive firefly luciferase expression in SmoA1-LIGHT2 
cells with potencies that are similar to those required to inhibit Shh signaling 
in the Shh-LIGHT2 cells. Note that SANT-3 cannot completely inhibit luciferase 
expression in the SmoA1-LIGHT2 cells. Luciferase activity in SmoA1-LlGHT2 
cells treated with 1 5 /iM KAAD-cyclopamine is indicated by the gray line. All 
firefly luciferase activities are the average of three experiments and are 
normalized relative to a control reporter and to maximum activity levels. 



have apparent K&s for Smo binding that are similar to their IC50S 
in pathway inhibition, either in the Shh-LIGHT2 assay or in cells 
lacking Ptchl function (Fig. 3 B and C; Table 1). These com- 
pounds also counteract SAG-induced pathway activation in 
Shh-LIGHT2 cells (Fig. 3D). SANT-1, however, exhibits an 
apparent affinity for Smo that is 17-fold higher than would be 
expected from its inhibitory activity in these cell-based assays. 
SANT-1 also attenuates SAG stimulation of Shh-LIGHT2 cells 



to a much greater extent than the other antagonists, inhibiting 
SAG activity by 60-fold as compared with 10-fold (Fig. 3D; Table 
1) at similar inhibitory equivalents (5-fold greater than their 
IC50S in the Shh-LIGHT2 assay). 

Further distinctions between cyclopamine and the other Smo 
antagonists are revealed by their differential actions in the 
BODIPY-cyclopamine/Smo binding assay and on SmoAl activ- 
ity. In these experiments, the Smo-expressing cells were fixed 
with paraformaldehyde before the binding assay, thereby elim- 
inating contributions from endocytosis and other trafficking 
processes. Although all four SANT compounds are able to block 
BODIPY-cyclopamine binding to Smo-expressing cells, SANT-1 
and SANT-3 are unable to inhibit completely this association to 
background levels (Fig. 3C). In addition, the four SANT com- 
pounds block pathway activation in SmoAl-LIGHT2 cells with 
potencies similar to those observed in the Shh-LIGHT2 assay 
(Fig. 3 B and E; Table 1), whereas the SmoAl mutation 
attenuates KAAD-cyclopamine activity by 15-fold (24). SANT-3 
is also unique in that it can fully suppress Shh signaling in 
Shh-LIGHT2 cells (see Fig. 35), but can only partially suppress 
constitutive pathway activity in SmoAl-LIGHT2 cells (Fig. 3E), 
Thus, although cyclopamine, SANT-1, -2, -3, and -4 all inhibit Hh 
pathway activity and block BODIPY-cyclopamine binding to 
Smo, their specific mechanisms appear to vary. 

Discussion 

Smo Activity Can Be Modulated by Small Molecules. Among Hh 
pathway components, Smo appears to be particularly susceptible 
to small molecule perturbation. Previous studies have demon- 
strated that cyclopamine inhibits Hh signaling by binding directly 
to Smo (25), and our investigations now reveal that Smo is also 
targeted by SAG, an Hh pathway agonist. Furthermore, an 
unbiased screen for additional pathway modulators yielded six 
inhibitors, including four specific Smo antagonists (SANT-1 
through SANT-4). In general, the inhibitory activities of cyclo- 
pamine and the SANT compounds in the Shh-LIGHT2 assay 
closely match their apparent affinities for Smo, as determined by 
the BODIPY-cyclopamine binding competitions. These results 
are consistent with a loss-of-function mechanism, in which ligand 
binding inhibits Smo activity. The apparent of the SAG/Smo 
complex (59 nM), in contrast, is significantly higher than the 
SAG EC50 for pathway activation (3 nM). This difference may 
reflect a gain-of-function mechanism, if only a fraction of Smo 
in its active state is required for maximum pathway activation. 
Alternatively, SAG binding to endogenous Smo in Shh-LIGHT2 
cells may be promoted by cellular factors that do not significantly 
participate in the binding of SAG to overexpressed Smo in Cos-1 
cells (see below; Fig. 4). 

The ability of Smo to respond in distinct ways to different 
ligands raises important questions about the mechanisms of Smo 
function and small molecule action. Smo shares some structural 
homology with the G protein coupled receptor family, which 
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*IC 50 in the Shh-LIGHT2 assay using ShhNp as described. 
t IC 5 o in the SmoAl -LIGHT2 assay as described. 

*IC 50 in cells derived from Ptch1 -/ - embryos, using p-galatosidase activity as a measure of pathway activation. 
^Attenuation of SAG activity in Shh-LIGHT2 cells. 

^Apparent K D determined by the BODIPY-cyclopamine binding competition assay. 
I'Ability to compete the crossl inking of Smo-Myc3 by PA-cyclopamine, 
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Fig. 4. A bivalent model of SAG action. Hh pathway stimulation or inhibition 
by SAG at low or high concentrations, respectively, can be accounted for by 
bivalent binding of SAG to Smo and to a downstream effector. In this model, 
Hh pathway activation would normally involve the recruitment of a down- 
stream effector (green) by a subpopulation of Smo molecules (blue). At 
subsaturating concentrations, SAG (red) can bind both Smo and the effector, 
thereby promoting Smo/effector association and increasing pathway activity 
levels. Higher concentrations of SAG, however, can inhibit the formation of 
this ternary complex by independently binding both proteins. 

utilizes a global conformational change in protein structure to 
link the binding of extracellular ligands to the recruitment of 
intracellular G proteins (31). A physiological role for G proteins 
in Hh signaling has not been found, but the differing activities of 
cyclopamine, SAG, and the SANT compounds suggest that a 
similar conformational change is the primary determinant of 
Smo activity. We have shown, for example, that cyclopamine and 
SAG specifically target the Smo heptahelical bundle (see above) 
and that both compounds facilitate the movement of SmoAl 
through the ER quality control system, presumably by affecting 
its protein structure (25). 

SANTs May Differ Mechanistically. In principle, cyclopamine, SAG, 
and the SANT compounds might interact with a common set of 
Smo residues or occupy allosteric sites. Although it is difficult to 
distinguish between these two possibilities without a compre- 
hensive analysis of small molecule interactions with purified Smo 
protein, our current results provide evidence that the Smo 
antagonists may act by different mechanisms. The inability of 
SANT-1 and SANT-3 to inhibit completely the association of 
BODIPY-cyclopamine to Smo-expressing cells suggests that 
their interactions with Smo may alter its affinity for cyclopamine 
rather than compete directly for cyclopamine binding. SANT-1 
and SANT-3 also appear to differ mechanistically from each 
other, as only SANT-1 can inhibit pathway activation induced by 
SmoAl overexpression to background levels. These observations 
suggest that Smo can adopt multiple protein conformations with 
varying degrees of activity. 

The small molecule antagonists may even interact with Smo in 
chemically distinct ways. Unlike cyclopamine and the other 
SANT compounds, SANT-1 has disparate inhibitory activities in 
the Shh-LIGHT2 and BODIPY-cyclopamine assays and is un- 
usually potent at blocking SAG-mediated pathway activation. 
These properties may be caused by the hydrazone linkage in 
SANT-1, which is susceptible to hydrolysis and could form a 
covalent adduct with Smo upon binding. Such a SANT-1 /Smo 
conjugate would be highly resistant to SAG, and accordingly, 
chemical reduction of the hydrazone moiety produces a com- 
pound with significantly diminished activity (J.K.C. and P.A.B., 
unpublished data). 

Smo Activity May Be Regulated by Endogenous Small Molecules. The 

mechanisms by which endogenous cellular components regulate 
Smo activity remain elusive, although recent studies suggest that 



Ptc acts catalytically through an indirect mechanism (19-21, 32). 
In comparison, the molecular basis for activation of the Frizzled 
family of seven-transmembrane receptors, which are closely 
related to Smo in structure, is well characterized. The Frizzled 
proteins form coreceptors with a low-density lipoprotein recep- 
tor-related protein (33, 34), and their activation is contingent on 
the binding of Wnt ligands to their extracellular cysteine-rich 
domains (CRDs; ref. 35). No analogous protein partners have 
been associated with Smo activation, and the Smo CRD does not 
appear to be required for its activity or regulation by Ptc (21). 

Within this context, the susceptibility of Smo to chemical 
modulation and the structural similarities between Ptc, the RND 
permeases, and NPC1 suggest that Smo regulation may involve 
physiological small molecules rather than direct protein-protein 
interactions. One possibility is that Ptc regulates the subcellular 
and/or intramembrane distribution of an endogenous small 
molecule, thereby influencing Smo activity. This regulatory 
effect could be caused by Ptc-dependent changes in Smo local- 
ization, because asymmetric distributions of membrane compo- 
nents can affect vesicle formation and trafficking (36). The 
subcellular localization of Smo then might be associated with 
specific Smo activity states, as each cellular compartment has 
unique membrane compositions (36), and Smo might respond 
differentially to distinct molecular environments. Alternatively, 
Ptc might directly modulate the localization of an endogenous 
Smo ligand. This putative Ptc substrate could either be a Smo 
agonist or antagonist, depending on how Ptc function influences 
this molecule's activity. 

The suppression of maximum levels of SAG-mediated path- 
way activation by Ptchl expression (see Fig. IH) provides some 
constraints to these models. Furthermore, we have previously 
found that higher Ptchl expression levels coincide with an 
increase in cyclopamine binding to Smo (25). These results 
suggest that Ptchl might promote interactions between Smo and 
a physiological inhibitor that facilitates cyclopamine binding but 
also effectively inhibits the SAG/Smo complex. A more likely 
scenario, perhaps, is that Ptchl acts to redistribute Smo to 
subcellular compartments that are nonpermissive for SAG bind- 
ing because of concomitant changes in Smo conformation 
and/or the unavailability of effector proteins (see below). The 
inactive Smo protein in such signaling-incompetent compart- 
ments might, therefore, preferentially bind cyclopamine. 

SAG Activity Provides Evidence for a Downstream Effector. One 

interesting aspect of SAG activity is its diminished potency at 
concentrations above 1 fxM (see Fig. 25). This loss of pathway 
activity is not caused by cytotoxicity, as indicated by measure- 
ments of control reporter constructs (not shown), which suggests 
that SAG not only binds to Smo but can also inhibit a cellular 
component required for Hh signaling. The SAG-mediated re- 
duction in pathway activity appears to involve a target other than 
Smo, as neither KAAD-cyclopamine nor SANT-2, -3, or -4 affect 
the inhibitory activity of higher SAG concentrations, despite 
their dramatic effects on the stimulatory activity of lower SAG 
concentrations (see Figs. IF and 3D). A possible explanation for 
this behavior is that SAG may interact not only with Smo, but 
also with a cellular effector of Smo activation, thereby inducing 
Hh pathway activation by facilitating the association of these two 
proteins at optimal SAG concentrations (Fig. 4). Higher SAG 
concentrations, however, would begin to inhibit this process, as 
the agonist would independently bind both Smo and effector. 

The cooperative interactions within this putative ternary 
complex might explain the restriction of PA-SAG cross-linking 
to post-ER Smo, as the association of Smo with its downstream 
effector probably occurs outside the ER, and additional protein 
contacts might be required to compensate for the reduced 
activity of PA-SAG. Similarly, the resistance of the PA-SAG/ 
Smo cross-linking reaction to KAAD-cyclopamine competition 
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could reflect differential interactions between the small mole- 
cules and the Smo/effector complex in comparison to Smo 
protein alone. The functional and biochemical activities of SAG 
are also consistent with a ternary complex model, because the 
apparent K D for the SAG/Smo complex (59 nM) is significantly 
greater than the SAG EC 50 in Shh-LIGHT2 cells (3 nM). If SAG 
indeed has bivalent activity, its ability to inhibit pathway acti- 
vation with an IC 5 o of 3 juM suggests that the putative agonist- 
effector complex has a in the low micromolar range. 

Mechanistic Differences Between the SANTs May Be Therapeutically 
Useful. Our identification of Smo as the target of SAG and four 
synthetic antagonists underscores its susceptibility to small mol- 
ecule modulation and raises the possibility that endogenous 
small molecules similarly regulate Smo activity. These studies 
also may provide additional reagents for the pharmacological 
manipulation of Hh pathway activity, as inappropriate pathway 
activation is associated with oncogenesis. Many Hh-related 
tumors involve a loss of Ptchl function (2-4), and the structural 
mutation in SmoAl was discovered as a somatic lesion in basal 
cell carcinoma (37), indicating the therapeutic potential of Smo 
antagonists. Accordingly, recent studies demonstrate the ability 
of cyclopamine to prevent the growth of Ptchl-deficient medul- 
loblastoma in mice (29). 



Tumors associated with oncogenic mutations in Smo, how- 
ever, may be less responsive to cyclopamine treatment, as 
indicated by the resistance of SmoAl to cyclopamine-mediated 
inhibition. In these cases, the SANT compounds and analogs 
thereof may prove to be therapeutically preferable to cyclopam- 
ine. Unlike cyclopamine and its derivatives, the SANT com- 
pounds are nearly equipotent against the activities of WT and 
oncogenic Smo, with SANT-1 and SANT-2 as particularly potent 
inhibitors of SmoAl. These results further indicate that the 
SANT compounds and cyclopamine may inhibit Smo activity by 
different biochemical mechanisms and represent a promising 
step toward pathway-specific cancer treatments. 

Note Added in Proof. Similar results demonstrating the action of SAG 
on Smo are reported in ref. 38. 
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Background: The Hedgehog (Hh) signaling pathway is vital to animal development as it 
mediates the differentiation of multiple cell types during embryogenesis. In adults, Hh signaling 
can be activated to facilitate tissue maintenance and repair. Moreover, stimulation of the Hh 
pathway has shown therapeutic efficacy in models of Parkinson's disease and diabetic 
neuropathy. The underlying mechanisms of Hh signal transduction remain obscure, however: 
little is known about the communication between the pathway suppressor Patched (Ptc), a 
multipass transmembrane protein that directly binds Hh, and the pathway activator 
Smoothened (Smo), a protein that is related to G-protein-coupled receptors and is capable of 
constitutive activation in the absence of Ptc. 

Results: We have identified and characterized a synthetic non-peptidyl small molecule, 
Hh-Ag, that acts as an agonist of the Hh pathway. This Hh agonist promotes cell-type-specific 
proliferation and concentration-dependent differentiation in vitro, while in utero it rescues 
aspects of the Hh-signaling defect in Sonic hedgehog-null, but not Smo-null, mouse embryos. 
Biochemical studies with Hh-Ag, the Hh-signaling antagonist cyclopamine, and a novel Hh- 
signaling inhibitor Cur6l4l4, reveal that the action of all these compounds is independent of 
Hh-protein ligand and of the Hh receptor Ptc, as each binds directly to Smo. 

Conclusions: Smo can have its activity modulated directly by synthetic small molecules. 
These studies raise the possibility that Hh signaling may be regulated by endogenous small 
molecules in vivo and provide potent compounds with which to test the therapeutic value 
of activating the Hh-signaling pathway in the treatment of traumatic and chronic 
degenerative conditions. 
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Background 

The hedgehog {hh) gene was identified two decades ago in 
Drosophila as a critical regulator of cell-fate determination 
during embryogenesis [1]. Subsequent work in several model 
systems has defined and characterized the Hh gene family 
that encodes highly conserved secreted signaling proteins (for 
review see [2]). Hedgehog (Hh) proteins are synthesized as 
approximately 45 kDa precursors that autoprocess in an 
unprecedented fashion, resulting in the covalent attachment 
of a cholesterol moiety to the amino-terminal half of the 
precursor [2]. This processed amino-terminal domain, 
Hh-Np, is responsible for the activation of a unique and 
complex signaling cascade that is essential for controlling 
cell fate throughout development and into adulthood [2|. 
In mammals there are three Hh-family proteins: Sonic 
(Shh), Indian (Ihh), and Desert (Dhh), Gene-targeting 
experiments in mice have demonstrated that the develop- 
ment and patterning of essentially every major organ 
requires input from the Hh pathway [2]. 

In vitro culture systems of neuronal tissues have been used 
to characterize the biology of the Hh-signaling pathway. 
Most notably, the neural-plate explant assay has defined 
the concentration-dependent role that ventral ly expressed 
Shh plays in opposing dorsally expressed bone morpho- 
genetic proteins (BMPs) to pattern the neural tube [2]. The 
assay demonstrates that the Hh-signaling cascade can dis- 
tinguish between small concentration differences in the Hh 
ligand to instruct the differentiation of specific neuronal 
cell types. Additional insights have been gained by utilizing 
cultures of postnatal cerebellar neuron precursors [2]. 
These studies have shown that Hh patterns the cerebellum 
by promoting proliferation of the granule neuron precur- 
sors. Given the role that Hh signaling plays in promoting 
progenitor-cell proliferation, it is not surprising that mis- 
regulation of Hh signaling has been implicated in the 
biology of certain cancers, in particular basal cell carci- 
noma (BCC) and medulloblastoma. 

The Hh-signaling pathway comprises three main compo- 
nents: the Hh ligand; a transmembrane receptor circuit 
composed of the negative regulator Patched (Ptc) plus an 
activator, Smoothened (Smo); and finally a cytoplasmic 
complex that regulates the Cubitus interruptus (Ci) or Gli 
family of transcriptional effectors. Additional pathway com- 
ponents are thought to modulate the activity or subcellular 
distribution of these molecules [2]. There is positive and 
negative feedback at the transcriptional level as the GUI and 
Ptcl genes are direct transcriptional targets of activation of 
the pathway. 

Smo is a seven-pass transmembrane protein with homology 
to G-protein-coupled receptors (GPCRs), while Ptc is a 



twelve-pass transmembrane protein that resembles a 
channel or transporter. Consistent with its role as an essen- 
tial pathway inhibitor, removal of Ptc renders the Hh 
pathway constitutively 'on', independent of the Hh ligand. 
Similarly, specific point mutations in the transmembrane 
helices of Smo are capable of constitutively stimulating the 
pathway, effectively bypassing Ptc inhibition [3). At present, 
a controversy surrounds the mechanism by which Ptc 
inhibits Smo. Although early studies suggested a simple, 
direct, stoichiometric regulation, more recent data support a 
more complicated indirect or catalytic model [2]. And 
although it has been demonstrated that Hh directly interacts 
with [4] and destabilizes [5] Ptc, the downstream molecular 
events remain obscure. In particular, little is known about 
the means by which Ptc exerts its inhibitory effect on Smo, 
or how Smo communicates with the cytoplasmic Ci/Gli 
transcription factor complex. 

Through a 'chemical genetic' approach of identifying and 
studying the mechanism of action of small-molecule ago- 
nists (and antagonists), we hoped to uncover some of the 
complexities of the Hh-signaling system. Small-molecule 
modulators of growth-factor pathways have proven valuable 
in providing enhanced understanding of the intracellular 
events that occur subsequent to receptor activation, and in 
establishing the biological functions of these pathways 
[6-8]. In Hh signaling, multiple insights have been gained 
through the use of the plant-derived Hh antagonist 
cyclopamine [9-16] and a recently identified synthetic 
small-molecule Hh-signaling inhibitor, Cur61414 [17]. 
Interestingly, these specific inhibitors of Hh signaling 
appear to function downstream of Ptc but their precise mol- 
ecular target(s) and mechanism of action are unknown. 

Although genetic manipulations involving gain-of-function 
point mutations of Smo [3] have demonstrated that the 
pathway can be activated independently of Hh ligand, no 
small molecules with this capability have been identified. 
Indeed, it has proven difficult to identify small-molecule 
agonists of any signaling pathway activated by a protein 
ligand. Two examples have recently been described, 
however. One involved identification of a non-peptide acti- 
vator of the granulocyte colony-stimulating factor (GCSF) 
pathway that appeared to act via receptor oligomerization 
[18]. Another report described a small-molecule activator of 
the insulin-signaling pathway that also acts at the level of 
the receptor [19]. 

Since die Hh receptor, Ptc, serves to inhibit signaling, a 
small-molecule pathway activator would need to be capable 
of one of the following: first, interfering with the inhibitory 
effect that Ptc exerts on Smo; second, activating Smo without 
affecting Ptc; or third, activating the pathway downstream of 
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Smo. Identifying small molecules with any of these activities 
would provide useful information concerning the details of 
Hh signaling and would also provide a simple means of 
modulating activity of the pathway in vivo or in vitro. 

In this article, we show that a non-peptidyl small-mole- 
cule agonist of Hh signaling has been identified that has 
all the known signaling properties of the recombinant Hh 
protein. But this agonist, unlike Hh protein, appears to 
bypass the Ptc- regulatory step, by interacting directly with 
Smo. Furthermore, studies with the agonist and several 
antagonists of Hh signaling suggest that Smo can be acti- 
vated or inhibited by direct interaction with small- 
molecule ligands. These observations suggest that the 
Ptc-Smo receptor circuit may incorporate native small- 
molecule ligands in the regulation of Hh signaling. 

Results 

Isolation of Hh agonists by high-throughput 
screening 

To identify small-molecule agonists of Hh signaling, we 
established a mammalian-cell-based assay. After testing 
several cell lines for Hh-dependent induction of the target 
genes Ptcl and GUI [2], we identified C3H10T1/2 andTM3 
cells as optimal responders. We then introduced into each 
line a plasm id containing a luciferase reporter downstream 
of multimerized Gli binding sites and a minimal promoter 
[20]. An isolated stable clone of the 10T1/2 cell transfec- 
tants (referred to as clone SI 2) gave a 10-20-fold up-regu- 
lation of luciferase activity (Figure la) when stimulated 
with Hh protein [21] for 24 hours. Using this assay system, 
we screened 140,000 synthetic compounds at a concentra- 
tions of 2-5 |jlM and isolated several putative agonists. One 
of these molecules - Hh-Ag 1.1 (Figure la,b) - was studied 
further. Hh-Ag 1.1 exhibited half-maximal stimulation 
(EC 50 ) at around 3 |xM, and an activation maximum 
(A max ) of approximately 35% compared to the Hh protein 
control (Figure la). In the presence of sub-threshold sig- 
naling levels of Hh protein (0.3 nM), the EC 50 of Hh-Ag 
1.1 was reduced to around 0.4 jaM and the A max 
approached 70% (Figure la). 

We next tested whether expression of endogenous Hh- 
responsive genes was stimulated by the agonist. Using 
quantitative PCR, Hh-Ag 1.1 was shown clearly to elevate 
the expression of GUI and Ptcl in a dose-dependent 
manner (Figure lc). 

Chemical modifications increase potency 

In an effort to improve the potency of Hh-Ag 1.1, over 300 
derivatives were synthesized and tested in the cell -based 
reporter assay. The relative potencies of the most active 



derivatives - 1.2, 1.3, 1.4 and 1.5 - are shown in Figure Id. 
The most potent, Hh-Ag 1.5, had an EC 50 of approximately 
1 nM. Thus, potency was increased over 1000-fold by chem- 
ical modification. The structures of compounds 1.2 and 1.3 
are shown in Figure le. Hh-Ag 1.2 was the most stable 
derivative in vivo and in vitro (data not shown) and was used 
for most cell-based assays. Hh-Ag 1.3 showed lower toxicity 
in embryonic tissue cultures (data not shown) and was used 
for the neural plate explant assays described below. These 
experiments suggest that the agonist may have many of the 
properties of the Hh ligand. To specifically test this, we used 
two established in vitro assay systems that detect the effects 
of Hh on primary neuronal precursors. 

In vitro assay of neuronal precursors 

Proliferation activity of the agonist 

It has recently been shown that primary neonatal cerebellar 
granule neuron (CGN) precursors proliferate in response to 
Hh stimulation [2]. To determine whether the Hh agonist 
could elicit this response, we monitored [ 3 H]-thymidine 
incorporation of cultured rat CGN precursors treated with 
Hh protein, Hh-Ag 1.1, Hh-Ag 1.2, or vehicle (DMSO). The 
original active molecule, Hh-Ag 1.1, stimulated thymidine 
incorporation at 5 |xM, but not at 1.75 u,M (Figure If). The 
extent of proliferation was around 50% of that seen with a 
high dose of Hh protein (50 nM). Hh-Ag 1.2 stimulated 
proliferation at 300 nM and 100 nM to levels comparable to 
those seen with Hh protein (Figure If). These data demon- 
strate that the agonists can elicit a biological response in 
primary cells similar to that produced by Hh protein. ' 

Morphogenic activity of the agonist 

Neural progenitors within the intermediate region of the 
chick neural plate (Figure 2a) respond to increasing concen- 
trations of Hh protein by adopting specific fates. The iden- 
tity of these cells can be assessed by their distinct expression 
patterns of a set of transcription factors [2]. Three of these 
transcription factors - Pax7, MNR2 and Nkx2.2 - whose 
expression is differentially sensitive to increasing concentra- 
tions of Hh protein were assayed in response to varying 
concentrations of the agonist (Hh-Ag 1.3). The dorsal spinal 
cord marker Pax7 is normally repressed by low concentra- 
tions of Hh [22]. Pax7 expression was extinguished by 1-10 
nM agonist (Figure 2b-f). Higher concentrations of agonist 
(10-200 nM) induced expression of the motor neuron 
progenitor marker MNR2 (Figure 2b,g-j), and yet higher 
concentrations (20 nM-1 jxM) induced the most ventral 
interneuron progenitor marker Nkx2.2 (Figure 2b,k-n). This 
dose-dependent profile of expression closely resembles the 
response achieved by increasing concentrations of Hh 
protein [22-24], demonstrating that the Hh agonist mimics 
the concentration-dependent inductive activity of Hh on 
neural precursors. 
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Figure I 

A Hh-signaling agonist identified in a cell-based small-molecule screen, (a) A luciferase-based reporter assay of Hh signaling, showing a dose-response 
curve for the following: Hh protein (Hh); the small-molecule agonist Hh-Ag I.I; Hh-Ag I.I in the presence of 0.3 nM Hh protein (Hh-Ag I.I + low 
Hh); or 0,3 nM Hh protein alone (low Hh). Data points represent the averages (n = 4) with standard deviations less than 1 5%. (b) The structure of 
Hh-Ag I.I. (c) The output of a quantitative PCR analysis of Ptc/ and GUI mRNA levels from C3H IOTI/2 cells exposed for 1 8 hours to an increasing 
dose of Hh-Ag I.I. Data are graphed as relative activation versus Hh-Ag I . I concentration (u>M). The 0 to 100% range was set using data from cells 
treated with 0 or 25 nM Hh protein; fold inductions for levels of Ptc I and GUI mRNA were determined using GAPDH mRNA levels as internal 
standards. Each data point represents an average (n = 4) with standard deviation shown by error bars, (d) A luciferase-based reporter assay of Hh 
signaling showing dose-response curves (with concentrations in nM) for Hh protein and the five agonist compounds Hh-Ag 1,1, 1.2, 1.3, 1.4 and 1.5. 
Graphs are representative of multiple assays of these compounds. Data points represent the averages (n = 2) with standard deviations less than 1 5%. 
(e) Structures of Hh-agonist derivatives; 1 .2 is a methylated analog, and 1.3 a methylated analog with a para-pyridyl moiety, (f) A proliferation assay of 
Hh-responsive primary neuronal precursors from postnatal day 4 rat cerebellum. [ 3 H]-thymidine incorporation was measured 24 hours after the 
addition of the vehicle dimethyl sulfoxide ('vehicle'), Hh protein, or agonist. Hh protein was tested at 50 nM; Hh-Ag I.I was added at 5 and 1.75 |xM; 
Hh-Ag 1.2 was added at 300 and 100 nM. Data points represent the averages (n = 4) with standard deviations depicted with error bars. 



Activity of the agonist in vivo 

To explore the site of action of the Hh agonist within the Hh 
pathway, we developed an in vivo assay for the agonist that 
would allow us to test its activity in Shh- and Smo-mutant 
mouse embryos in utero. First, we compared the expression of 
Ptcl in vehicle- and agonist-treated Ptcl UlcZ l + mouse embryos 
[25]. The Ptcl^f* mouse expresses p-galactosidase under 
control of Ptcl -regulatory elements and thus reports Hh- 
pathway activity in mouse tissues. Hh-Ag 1.2 (Figure le) was 



chosen for study on the basis of its relatively low toxicity, 
long serum half-life and ability to cross the placenta (data 
not shown). Hh-Ag 1.2 was delivered by oral gavage to preg- 
nant mice at 7.5 and 8.5 days post coitum (7.5 and 8.5 dpc). 
Embryos were collected at embryonic day (E) 9.5 and ana- 
lyzed by staining with the p-galactosidase chromogenic sub- 
strate X-gal. In vehicle-treated embryos, Ptcl expression was 
confined primarily to the ventral neural tube (Figure 3a,c). In 
embryos treated with Hh-Ag 1.2, however, expression of 
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Figure 2 

The concentration-dependent response to Hh agonist of neural progenitor markers in neural plate explants, (a) The intermediate region of neural 
plate was dissected from stage 10- 1 I chick embryos and cultured in the presence of varying concentrations of Hh-Ag 1.3 (agonist) for 22 hours. 
Explants were then immunostained for Pax7, MNR2 and Nkx2.2 and the number of immunoreactive cells per explant was counted, (b) The average 
number of immunoreactive cells per explant in response to increasing concentrations of Hh-Ag 1.3 (n = 6 explants). Error bars represent standard 
deviations, (c-n) Confocal images of representative explants cultured in the presence of different concentrations of the agonist and stained for (c-f) 
Pax7; (g-j) MNR2; and (k-n) Nkx2.2. Pax7 is expressed only at the lowest concentrations of the agonist (c,d), MNR2 at intermediate and high 
concentrations (i,j), and Nkx2.2 only at high concentrations of agonist (n). 
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Ptelfocz was greatly extended dorsally in the neural tube and 
throughout the adjacent mesoderm (Figure 3b,d). These 
embryos also displayed open rostral neural tubes, similar to 



those of PtcVf- embryos. These experiments demonstrate that 
the agonist compound effectively activates Hh signaling in 
vivo following oral administration. 
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Figure 3 

In vivo assays of an Hh agonist (a-d) The Hh agonist Hh-Ag 1. 2 up-regulates Hh signaling in mouse embryos in utero. Expression of Ptcl** 2 in E9.5 
Ptc/ facZ/+ embryos after treatment with vehicle (a,c) or Hh-Ag 1 .2 (b,d). (a,b) Lateral views of whole embryos stained with X-gal; (c,d) transverse sections 
through E9.S embryos following X-gal staining. Ptct expression is dorsally expanded throughout the ventral neural tube and adjacent mesoderm in 
agonist-treated embryos (compare b,d with a,c). Note the open neural tube in the head of these embryos (b). (e-p) The agonist complements the loss 
of Shh but requires Smo to activate Hh signaling in utero. (e-l) Whole-mount in situ hybridization analyses of the expression of Ptcl gene in E8.5 embryos 
(n = 4); (e-h) ventral anterior views, and (i-l) ventral posterior views, of embryos heterozygous (e,f,i,j) or homozygous (g,h,k,l) for an Shh-null allele, 
(m-p) Lateral views of X-gal staining of Ptcl 1x2 expression in E8.5 Ptcl 1 ™ 2 ** embryos (n = 4) heterozygous (m,n) or homozygous (o,p) for a Smo-null 
allele. (e,g,i,k,m,o) Vehicle-treated embryos; (f,h,j,l,n,p) Hh-Ag 1 .2- (agonist-) treated embryos. Red arrows in (e-h) indicate the partial rescue of midline 
structures in ShM* embryos (g) by agonist treatment (h). Black arrowheads in (e-l) indicate expression in the midline. 
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Agonist site of action in vivo 

Having established an in utero assay for Hh signaling, we 
next investigated whether the agonist could rescue aspects 
of Shh- or Smo-mutant phenotypes, by monitoring lacZ 
expression in Smo'l- Ptcl lacZ l+ embryos [26] and Ptcl mRNA 
levels in Shh'l' embryos. 

Pregnant mice from Shh + I' and Smo+f' intercrosses were 
treated by oral gavage with vehicle or agonist (15 mg/kg) at 
6.5 and 7.5 dpc. Embryos were collected at 6-8 somite stages 
(E8.5) when the midline defects are first detectable in both 
Shhrl- and Smo'l' embryos, but prior to any general retarda- 
tion of growth and development [26,27], In both Shh+I' and 
Smo+I' Ptcl lacZ l+ embryos, Ptcl was detected in ventral neural 
tube, somites and lateral plate mesoderm (Figure 3e,i,m). 
Treatment with the agonist dramatically enhanced and 
expanded the expression of Ptcl in these heterozygous 
embryos (Figure 3f,j,n). This was consistent with what we 
have observed in wild-type embryos (Figure 3a-d). It is 
worth noting that the agonist-treated embryos exhibited 
overgrowth of the headfolds and hindbrain, reminiscent of 
Ptcl'/' embryos (compare Figure 3e,m with f,n). 

Shh I' and Smo'l' embryos at this stage (6-8 somites) started 
to show fused ventral lips of the cephalic folds, and a single 
continuous optic vesicle, indicating lack of a clearly defined 
midline (red arrow, Figure 3g, and data not shown). As 
expected, Ptcl expression was not detected in the ventral 
neural tube of the vehicle-treated Shh'l- embryos (arrow- 
head, Figure 3g), whereas expression was seen in lateral 
plate mesoderm and weakly in somites (Figure 3g,k). This is 
most likely due to Ihh signaling in these tissues [26]. Both 
Shh and Ihh signaling were dependent on Smo, however, 
because Ptcl expression could not be detected in Smo+ 
embryos (Figure 3o). 

Following agonist treatment, we observed that the neural tube 
and somite expression of Ptcl in Shh'l' embryos was greater 
than vehicle-treated wild-type levels (compare Figure 3h,l 
with e,i). The midline defects in Shh'l' embryos were at least 
partly rescued by agonist treatment (compare Figure 3g and h; 
red arrows). Like Shh+I' embryos, Shh'l- embryos had over- 
grown headfolds after administration of the Hh agonist 
(Figure 3f and h). In contrast, agonist treatment had no 
detectable effect on either morphology or Ptcl expression in 
Smo l- embryos (compare Figure 3o and p). In summary, these 
studies demonstrate that agonist activity in vivo does not 
depend upon Shh, but that Smo is absolutely required. 

Mechanism of action 

Chemical epistasis studies 

We sought to determine the level at which the agonist acts in 
the Hh pathway, in cultured cell assays. To begin addressing 



this question, we used the Hh reporter cell line to conduct 
competition experiments between the Hh agonist and 
known Hh- signaling antagonists that block the pathway at 
different levels (Figure 4a). These include: a Hh-protein- 
b locking antibody, 5E1 [23]; a natural product derivative, 
cyclopamine [9,10] that has recently been shown to act 
downstream of Ptc, perhaps at the level of Smo [11]; 
a recently identified synthetic small-molecule inhibitor, 
Cur61414, which has inhibitory properties similar 
to cyclopamine [17]; and forskolin, an adenylate 
cyclase/protein kinase A activator that is thought to block 
Hh signaling by stimulating degradation of members of the 
Gli family of transcriptional activators [2]. 

The Hh-blocking antibody 5E1 had no effect on pathway 
activation by the agonist (Figtire 4b), while forskolin 
(Figure 4c), cyclopamine (Figure 4d) and Cur61414 
(Figure 4e), were all inhibitory. The lack of inhibition by 
5E1 eliminates the possibility that the small molecule 
agonist activates signaling indirectly via stimulation of Hh 
expression. Furthermore, this supports the data showing 
that the agonist can activate signaling in Shh'l' embryos 
(Figure 3) and suggests that the agonist function is not only 
downstream of the Hh protein but also independent of the 
endogenous Hh-signaling modulators, Tout veloux and 
HIP, that act via the Hh ligand [2]. The competition experi- 
ment with forskolin showed identical inhibition curves for 
Hh protein and the agonist, strongly suggesting that the 
action of the small molecule is upstream of the protein- 
kinase-A-sensitive step in the pathway. In contrast, the com- 
petition experiments with cyclopamine (Figure 4d) and 
Cur61414 (Figure 4e) showed that Hh protein and the 
agonist differ in their sensitivity to these antagonists. Specif- 
ically, the agonist appears somewhat resistant to the 
inhibitory effect of cyclopamine and Cur61414. Identical 
results were seen using the slightly less active cyclopamine- 
related natural compound jervine, and the more potent syn- 
thetic derivative of cyclopamine, KAAD-cyclopamine (data 
not shown). These results argue that the agonist activates 
the pathway downstream of the Hh-Ptc interaction while 
cyclopamine, Cur61414 and the agonist may act at a similar 
level in the Hh-signaling cascade. 

Regulation of Ptc and Smo by Hh protein and Hh agonist 
Recent work in Drosophila tissue culture has shown that 
endogenous Ptc and Smo proteins are differentially affected 
by the addition of Hh to the growth medium [5]. Ptc was 
destabilized, while Smo accumulated following post-transla- 
tional modification. To test whether similar phenomena 
occur in mammalian cells with Hh protein and agonist, we 
generated stable cell lines expressing two epi tope-tagged pro- 
teins, Ptc coupled to green fluorescent protein, Ptc-GFP, and 
Smo coupled to a fragment of influenza hemagglutinin, 
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Figure 4 

Analysis of the agonist's site of action, using characterized Hh-pathway antagonists, (a) The Hh-signaling pathway. The major components are shown, 
along with the suspected sites of action of four antagonists: 5EI, the Hh-ligand-binding/blocking monoclonal antibody; cyclopamine, the natural 
product inhibitor, activity of which maps downstream of Ptc; forskolin, the adenylate cyclase activator that functions via protein kinase A to activate 
destruction of Ci/Gli; and a recently identified Hh-signaling antagonist Cur6l4l4. Lines with arrowheads represent activation and blunt-ended lines 
represent repression, (b-e) Luciferase-based reporter assays of Hh signaling showing inhibitory dose response on cells activated by Hh protein 
(10 nM) or Hh-Ag 1. 2 (200 nM) of (b) 5EI; (c) forskolin; (d) cyclopamine; and (e) Cur6I4l4. Data points represent the averages (n = 3) with 
standard deviations depicted by error bars. 
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HA-Smo. Figure 5a shows an immunoprecipitation (anti- 
GFP) plus protein blot (anti-Ptc) analysis of extracts from 
these cells treated for 4, 8 and 24 hours with vehicle, 25 nM 
Hh protein or 0.2 jxM Hh agonist (see Figure le; Hh-Ag 1.2). 
This experiment shows that Ptc-GFP appears to be destabi- 



lized by Hh protein but not by the agonist. Similar results 
were seen at higher doses of agonist (up to 2 p,M) and in 
several independent lines (data not shown). These data 
further support the idea that Hh protein and the agonist act 
in distinct ways to stimulate the pathway. 
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Figure 5 

The effects of Hh protein and agonist on vertebrate Smo and Ptc proteins. A stable cell line expressing Ptc-GFP and HA-Smo retroviral constructs 
was generated to evaluate the effects of Hh protein versus agonist on the Hh receptor components, (a) Anti-Ptc protein blot of anti-GFP 
immunoprecipitates, fractionated by SDS-polyacrylamide gel electrophoresis, from cells treated with vehicle (lanes 1, 4,7), 25 nM Hh protein (lanes 
2,5,8) or 0.2 jxM Hh-Ag 1. 2 (agonist; lanes 3,6,9), for 4 hours (lanes I -3), 8 hours (lanes 4-6) or 24 hours (lanes 7-9). (b) Anti-HA protein blot of cell 
extracts, fractionated by SDS-polyacrylamide gel electrophoresis, from cells treated with vehicle (lanes 1, 4,7,10), 35 nM Hh protein (lanes 2,5,8,1 1) 
or 0.5 u,M Hh-Ag 1.2 (agonist; lanes 3,6,9,12), for 2 hours (lanes 1-3), 5 hours (lanes 4-6), 8 hours (lanes 7-9) or 20 hours (lanes 10-12). (c) Anti-HA 
protein blot of cell extracts, fractionated by SDS-polyacrylamide gel electrophoresis, from cells treated with vehicle (lanes 1,4), 35 nM Hh protein 
(lanes 2,5), or 0.5 |xM Hh-Ag 1.2 (agonist; lanes 3,6), for 5 hours (lanes 1-3) or 8 hours (lanes 4-6). Cells used in (c) were also treated with 
cycloheximide to block new protein synthesis. Blots in (b) and (c) were reprobed with anti-tubulin antibody as a sample loading control, (d) Anti-HA 
protein blot of cell extracts, fractionated by SDS-polyacrylamide gel electrophoresis, from cells treated with decreasing concentrations of Hh protein 
(lane I, 100 nM; lane 2, 50 nM; lane 3, 25 nM; lane 4, 12.5 nM; lane 5, 6.25 nM; lane 6, 3.12 nM), or with vehicle (lane 7), or with increasing 
concentrations of Hh-Ag 1.2 (agonist; lane 8, 15 nM; lane 9, 3 1.25 nM; lane 10, 62.5 nM; lane I I, 250 nM; lane 12, 500 nM; lane 13, I jjlM) for 22 
hours. All blots were visualized by autoradiography using anti-HRP (horse radish peroxidase) secondary antibodies and a chemiiuminescence reagent 
kit (Amersham). 
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Figure 5b shows an immuno-blot (anti-HA) of total 
extracts from HA-Smo-expressing cells treated for 2, 5, 8 
and 20 hours with vehicle, 35 nM Hh protein or 0.5 jxM 
Hh agonist. In contrast to the results with Ptc-GFP, incuba- 
tion of cells with both Hh protein and the small-molecule 
agonist resulted in the apparent accumulation of HA-Smo 
protein after 5 hours of incubation. To test whether the 
accumulation of HA-Smo in response to Hh protein or the 
agonist required protein synthesis, a similar study was per- 
formed in the presence of cycloheximide (Figure 5c). 
Under these conditions, HA-Smo accumulation was 
detectable 5 hours after addition of either Hh protein or 
the agonist (Figure 5c); this result argues that the effect of 
Hh protein and the agonist on HA-Smo levels does not 
require new protein synthesis. Finally, with increasing con- 
centrations of Hh protein and the agonist there is a clear 
dose-dependent increase of HA-Smo levels (Figure 5d). 
These effects on epitope-tagged Smo protein were observed 
in multiple lines (data not shown). Taken together, these 
data suggest that Hh protein and the agonist share the 
ability to stabilize Smo, but only Hh protein can destabi- 
lize Ptc. Yet the agonist is fully capable of activating the full 
signaling pathway. 

Testing Smo as the molecular target 

Binding in whole cells 

Our biochemistry experiments (above) show that the agonist 
modulates Smo levels, and thus may activate Hh signaling 
by directly binding Smo. To explore this possibility we tested 
whether a tritiated form of the agonist analog Hh-Ag 1.5 
could form a complex with Smo, when Smo is transiently 
overexpressed in 293T cells. Figure 6a shows immuno- 
precipitable counts of extracts from cells incubated at 37 °C 
for 2 hours with 5 nM [ 3 H] -Hh-Ag 1.5 either in the absence 
(columns 1-3) or presence of competitors (columns 4-9). 

Immunocomplexes from untransfected control and 
p-adrenergic- receptor transfected cells did not contain sig- 
nificant counts (Figure 6a, columns 1, 2). Immunocom- 
plexes derived from cells expressing Smo (Figure 6a, 
column 3) resulted in the recovery of approximately 40,000 
of the 800,000 added counts, however. To test the speci- 
ficity of this apparent Hh-Ag/Smo complex, cells were incu- 
bated with 5 |xM (1000-fold molar excess) of unlabeled Hh 
Ag 1.5 or an unlabeled, signaling-inactive but structurally 
similar compound, an Hh-Ag 1 . 1 derivative that has a two- 
carbon linker in place of the cydohexane ring (Figure 6a; 
Hh-Ag 1.5, column 4; Hh-Ag control, column 5). The addi- 
tion of the unlabeled Hh-Ag 1.5, but not the inactive Hh-Ag 
1.1 derivative agonist control, resulted in the complete 
absence of counts in die immunocomplex. These results 
suggest that a stable, specific interaction can form between 
Smo and the Hh agonist. 



It has been shown that the Hh-pathway antagonists 
cyclopamine and Cur61414 block signaling in a Ptc-inde- 
pendent manner [11,17| and therefore may act directly on 
Smo. Having established a binding assay for a small-mole- 
cule agonist binding to Smo-expressing cells, we next tested 
whether the Hh antagonists could selectively compete out 
binding of [ 3 H] -Hh-Ag 1.5. To perform theses studies, Smo- 
overexpressing 29 3T cells were incubated for 2 hours at 
37 °C with 5 nM [ 3 H]-Hh-Ag 1,5 in the presence of either 
KAAD-cyclopamine at 5 jjl-M (Figure 6a, column 6), the 
related but inactive plant compound tomatadine at 5 (JiM 
(Figure 6a; Antag control 1, column 7), Cur61414 at 5 p,M 
(Figure 6a, column 8), or a related but inactive Cur61414 
derivative (Figure 6a; Antag control 2, column 9) at 5 |xM. 
These data show that the Hh-signaling inhibitors, but not 
structurally related inactive compounds, can significantly 
compete with the binding of the Hh agonist to Smo- 
expressing cells. This supports the model that all of these 
small-molecule modulators of Hh signaling are direct 
ligands of Smo. 

We next asked whether a derivative of the Hh agonist carry- 
ing a photoactiva table crosslinker could be coupled directly 
to Smo, to facilitate further biochemical characterization of 
the binding site. To perform this experiment we synthesized 
a tritiated diazirine derivative of Hh-Ag 1.2 with an EC 50 in 
the cell-based assay of 35 nM (data not shown). We incu- 
bated this compound at 0.5 |xM with HA-Smo- or control, 
GFP- transfected 293T cells and subsequendy ultraviolet- 
irradiated them to initiate crosslinking. Fractionation by 
SDS-polyacrylamide gel electrophoresis and autoradio- 
graphy of the resulting immunocomplexes from these cells 
showed crosslinking exclusively to HA-Smo, but with an 
efficiency of less than 1% (data not shown). This result 
demonstrates that a Hh-agonist derivative can be covalently 
crosslinked to Smo in living cells. More efficient crosslinkers 
are required to extend these studies, however. 

Cell-free membrane-binding assays 

To test whether the Hh agonist could interact with Smo in 
vitro, we transiently overexpressed murine Smo, murine 
Ptc, rat 02-adrenergic receptor and GFP in 293T cells, har- 
vested membranes and performed a filtration membrane- 
binding assay in a 96-well plate with [ 3 H]-Hh-Ag 1.5 added 
at 2 nM. Figure 6b shows a bar graph of the bound counts 
from these binding assays (murine Smo, column 1; GFP, 
column 2; PAR, column 3; murine Ptcl, column 4; and a 
no-membrane plate control, column 5). The no-membrane 
control (column 5) was included to show the degree of 
non-specific binding to the filter-plate apparatus. The Smo- 
containing membranes (column 1) are the only samples 
that exhibit significant binding above that seen in the 
absence of membranes. 
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To assess the specificity of binding, we repeated the 
experiment in the presence and absence of a 1000-fold molar 
excess of unlabeled agonist (2 |xM). The addition of 
'cold' compound completely competed out these counts 
(Figure 6c column 1 compared to column 2). To control for 
this observation, we added an unlabeled, inactive Hh agonist 
to the binding assay at 2 jxM (a 1000-fold molar excess). This 
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compound was unable to compete out the binding of [ 3 H]- 
Hh-Ag 1.5 to the Smo-containing membranes (Figure 6c, 
column 3). These results argue that Smo and the agonist form 
a specific complex in vitro, as predicted by the whole 
cell/immunocomplex binding assay (Figure 6a). 

Having established an in vitro binding assay for the Hh 
agonist to Smo, we next tested whether the Ptc-independent 
Hh antagonists could selectively compete with the interac- 
tion. Binding was assayed in the presence of KAAD- 
cydopamine at 10 |xM (Figure 6c, column 4), tomatadine at 
10 u,M (Figure 6c; Antag control 1, column 5), Cur61414 at 
10 jaM (Figure 6c, column 6), or the inactive Cur61414 deriv- 
ative (Figure 6c; Antag control 2, column 7) at 10 u-M. These 
data show that die Hh-signaling inhibitors, but not struc- 
turally related inactive compounds, can significantly compete 
with the binding of the Hh agonist to Smo membranes. 

Kinetics, saturation and competition binding anal/sis 

Next, we sought to generate association, dissociation and 
saturation-binding curves, in order to derive affinity 



Figure 6 

Assessing whether Smoothened is the molecular target of the Hh 
agonist (a) The number of counts per minute (cpm) precipitated from 
an immunocomplex binding assay of 293T cells incubated with 
[ 3 H]-Hh-Ag 1.5. Anti-HA (columns 1,3-9) or anti-v5 (column 2) 
immunocomplexes were isolated from 293T cells that were 
untransfected (column I) or transfected with expression constructs 
encoding a rat p2-adrenergic receptor cDNA carrying a vS epitope tag 
(column 2; pAR), or an HA-epi tope-tagged Smo cDNA (columns 3-9). 
Prior to cell lysis and immunoprecipitations, these cells were incubated 
with 5 nM [ 3 H]-Hh-Ag 1.5 alone (columns 1-3) or with 5 nM 
[ 3 H]-Hh-Ag 1.5 in the presence of 5 jiM of various unlabeled 
compounds (columns 4-9): Hh-Ag 1.5 (column 4); an inactive Hh-Ag 
1. 1 -derivative containing a two-carbon linker instead of the cyclohexane 
ring (Ag control, column 5); the potent natural product Hh-signaling- 
inhibitor derivative KAAD-cyclopamine (column 6); the inactive natural 
product tomatadine (Antag control I , column 7); the synthetic Hh- 
signaling inhibitor Cur6l4l4 (column 8); or an inactive derivative of 
Cur6l4l4 (Antag control 2, column 9). Standard deviations (n = 2) are 
represented by error bars. (b,c) Filtration membrane-binding assay 
using [ 3 H]-Hh-Ag 1.5 (2 nM) and membranes (approximately 5 u,g 
protein) from 293T cells transfected with different cDNA constructs, 
(b) Bound [ 3 H]-Hh-agonist (cpm) when using membranes from cells 
transfected with murine Smo (column I); GFP (column 2); rat P2- 
adrenergic receptor (pAR, column 3), and murine Ptcl (column 4). 
A no-membrane control (column 5) is also included, to demonstrate 
the level of nonspecific binding associated with the filtration plate 
apparatus, (c) A competition experiment using membranes from cells 
transfected with murine Smo and incubated with [ 3 H]-Hh-Ag 1.5 (2 nM) 
in the presence of various unlabeled compounds: no competitor 
(-, column I); 2 (jM unlabeled Hh-Ag 1.5 (column 2); 2 u,M inactive 
Hh-Ag I.I derivative (Ag control, column 3); KAAD-cyclopamine 
(column 4); tomatadine (Antag control I, column 5); Cur6l4l4 (column 
6); or an inactive derivative of Cur6l4l4 (Antag control 2, column 7). 
Standard deviations (n = 4) are represented by error bars. 
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constants for the interaction of the Hh agonist and Smo. To 
control for nonspecific binding we used either Cur61414 or 
Hh-Ag 1.5 as unlabeled competitors. Similar results were 
generated if control membranes (from cells transfected with 
GFP, pAR, or Ptc) were used to define the non-specific level 
(data not shown). 

First we performed a kinetic analysis to establish the 
reversibility of the binding reaction and the approximate 
incubation time required for equilibrium binding studies. 
Association assays were performed at 37 °C by combining 
2 nM [ 3 H]-Hh-Ag 1.5 with Smo-containing membranes for 
various times prior to harvesting and counting. Dissociation 
studies were initiated by adding 2 |xM unlabeled Hh-Ag 1.5 
after 2 hours of association. Samples were then incubated for 
1-26 hours prior to harvesting and counting. Figure 7a shows 
the association and dissociation phases of agonist binding to 
Smo-containing membranes. Using the Prism GraphPad 
software, these data were fit to one-phase exponential associ- 
ation and decay curves, respectively, and gave an association 
tV2 of approximately 1 hour and a dissociation W2 of approx- 
imately 10 hours. These results demonstrate that die binding 
of the agonist to Smo is reversible and that equilibrium 
binding will require binding reaction times of approximately 
50 hours (five times the 1V2 of dissociation). 

Next, we performed a saturation binding experiment. To 
establish total, nonspecific, and specific binding curves 
(Figure 7b), we added a range of [ 3 H]-Hh-Ag 1.5 concentra- 
tions (0.01-3 nM) in the presence or absence of unlabeled 
Hh-Ag- 1.5 at 2 jxM. Identical results were seen if Cur61414 
at 10 jxM was used as die competitor (data not shown). On 
the basis of the binding kinetics, incubations were carried 
out for approximately 45 hours at 37 °C, to allow for equi- 
librium to be reached. Using the Prism GraphPad software 
to perform non-linear regression analysis and curve fitting, 
we concluded that the data best fit a simple one-site binding 
model with a predicted K d of 0.37 nM for Hh-Ag 1.5. This 
K d is in general agreement with the EC 50 values observed in 
the cell-based assay (0.37 nM as compared to 1 nM). 

To further validate our binding results, we performed a 
competition assay using several agonist derivatives across a 
range of concentrations (0.01 nM to 1 jjlM). Figure 7c shows 
the competition curves for Hh-Ag 1.5, Hh-Ag 1.3, Hh-Ag 
1.2, Hh-Ag 1.1, and the signaling-inactive Hh-Ag 1.1 deriva- 
tive described above. With the exception of the inactive 
derivative, these compounds all compete out the binding of 
[ 3 H]-Hh-Ag 1.5 (0.4 nM) to the Smo-containing mem- 
branes. These data are best fit to a single-binding-site com- 
petition model that predicts the following K s values: Hh-Ag 
1.5, 0.52 nM; Hh-Ag 1.3, 8.4 nM; Hh-Ag 1.2, 22 nM; and 
Hh-Ag 1.1, 96 nM. These K s values are in general agreement 



with the agonist EC 50 values in cell culture for these 
compounds, with the exception that the Hh-Ag 1.1 com- 
pound is not as potent in signaling assays (EC 50 2 u,M) as its 
(96 nM) might predict. This suggests an uncoupling of 
binding and signaling for certain agonists. Although 
binding affinities and signaling efficacy can correspond for 
certain ligand/ receptor complexes, exceptions often arise 
[28] because binding affinity does not necessarily measure 
die ability of a compound to induce an active receptor con- 
formation. As a control for these binding studies, identical 
competition experiments were performed with membranes 
from cells transfected with GFP, or with the p-adrenergic 
receptor. No specific binding or apparent competition was 
seen under these conditions (data not shown). 

We next compared binding of KAAD-cyclopamine, 
Cur61414 and Hh-Ag 1.5 to a constitutively active mutant 
of Smo (Smo act ) or to wild-type Smo (Smo" 1 ). The two Hh- 
signaling antagonists, KAAD-cyclopamine and Cur61414, 
have shown decreased potency on Smo act -expressing cells, 
leading to the speculation that they may bind this mutant 
form of Smo less well than the wild-type form [11,17]. We 
sought to determine whether the Hh agonist binds Smo act 
with a higher affinity, an observation seen with certain 
ligands and constitutively active mutants of GPCRs [29]. To 
perform this experiment, we isolated membranes from cells 
transfected with a cDNA construct encoding a tryptophan- 
to-leucine mutation at residue 539 (W539L) of murine 
Smo. This oncogenic mutation has been found in human 
basal cell carcinoma [3] and the correspondingly mutated 
protein is capable of ligand-independent activation of the 
Hh pathway in cell-culture assays [11]. A kinetic and satura- 
tion binding assay with Smo act -containing membranes 
showed that this mutant protein binds the Hh agonist with 
an affinity identical to that of Smo wl (data not shown). 

Using Smo act - and Smo wt -containing membranes, we then 
performed competition binding studies by adding increas- 
ing concentrations of unlabeled Hh-Ag 1.5, KAAD- 
cyclopamine or Cur61414 in the presence of [ 3 H] -Hh-Ag 
1.5 (0.4 nM). These binding curves (Figure 7d) can be fit to 
a single-site competition model. Although the Kj for Hh-Ag 
1.5 on Smo act -containing membranes was essentially identi- 
cal to that observed for Smo wt -containing membranes 
(approximately 0.5 nM), the Kj values of the Hh antagonists 
were seven-fold higher on the Smo act - compared to the 
Smo wt - containing membranes for both KAAD-cyclopamine 
(38.3 nM versus 5.8 nM) and Cur61414 (309 nM versus 
44 nM). These results strongly support the model, initially 
hypothesized for cyclopamine [11], that the reduced 
potency observed for Hh antagonists on Smo act -expressing 
cells is directly due to a reduced affinity of the antagonist for 
the mutated Smo protein. The agonist, on the other hand, 
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Figure 7 

[ 3 H]-Hh-agonist kinetic, saturation and competition binding analysis with Smo-containing membranes, (a) The association (solid line) and dissociation 
(broken line) time courses for the binding of [ 3 H]-Hh-Ag 1 .5 to membranes from Smo-overexpressing 293T cells. The arrow denotes the time at 
which 2 p,M unlabeled [ 3 H] -Hh-Ag 1. 5 was added to initiate dissociation studies, (b) The total (squares), nonspecific (triangles) and specific (circles) 
binding (in cpm) of [ 3 H]-Hh-Ag 1. 5 to membranes from Smo-overexpressing 293T cells. Total and specific binding data were derived in the absence 
and presence of 2 u,M unlabeled Hh-Ag 1 .5, respectively. The specific curve (red) represents the difference between these curves. Similar specific 
curves resulted when control membranes or a no-membrane control plate was used to define the nonspecific binding, or if 10 p,M Cur6l4l4 was 
used as the competitor. A dissociation binding constant (K d ) of 0.37 nM is predicted from this single site binding isotherm, (c) A competition assay 
of [ 3 H]-Hh-Ag l.5/Smo binding by a set of agonist derivatives including Hh-Ag 1. 5 t Hh-Ag 1. 3, Hh-Ag 1. 2, Hh-Ag I.I, and an inactive Hh-agonist 
derivative, (d) A competition binding study showing the properties of the binding of KAAD-cyclopamine, Cur6l4l4 and Hh-Ag 1. 5 to wild-type 
Smo, Smo* 1 , and a constitutively active Smo mutant protein, Smo act , which contains an activating W539L amino-acid substitution. Competition 
curves on Smo* 1 are shown by broken lines and the competition curves on Smo act by solid lines. Standard deviations (n = 4) are represented by 
error bars for all data points. 



would be predicted to bind to a site on Smo that is not 
affected by this gain-of-function Smo acl mutation. 

Discussion 

Hh signal transduction has been the focus of intense 
research over the past decade due to the central role it plays 
in development and its emerging biomedical relevance in 
areas ranging from regenerative medicine to oncology 
[2,30]. Our goal in these studies was to isolate and charac- 
terize small-molecule modulators of Hh signaling in order 
to understand better the regulation of pathway activation 
and to generate potential therapeutics. Our work shows 



firstly that it is possible to identify potent small molecule 
agonists of Hh signaling, secondly that these compounds 
can mimic the effects of recombinant Hh protein in multi- 
ple assays used to define the properties of Hh signaling, 
thirdly that these compounds act by binding directly to 
Smo, and finally that two Ptc-independent inhibitors of Hh 
signaling compete for this binding to Smo, strongly suggest- 
ing they too act directly on Smo. 

Models of Smo-ligand interaction 

To interpret the results of the competition binding studies, 
we assume that the mutation in Smo act , like those in consti- 
tutively activate mutants of other GPCRs [29], indirectly 
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influences ligand binding by creating a change in the 
normal equilibrium between the different conformations 
of Smo. Thus, the mutation would not directly influence 
the binding pocket for either ligand. A simple two-state 
model (Figure 8a) predicts that the agonist (Ag, green 
square) and the antagonist (Ant, pink circle) compete for 
the same site on Smo to activate or inactivate Hh-pathway 
signaling. It also suggests that antagonists should bind 
Smo act with a lower affinity than they bind Smo 1 " 1 , while 
the agonist should bind with a higher affinity, as it prefers 
the active conformation. Such a model cannot accommo- 
date our observations with the gain-of-function Smo 
mutant. Thus we introduce a ternary complex model 
(Figure 8b), used traditionally to describe the behavior of 
GPCRs in binding studies with agonist and antagonists 
[31], as well as constitutively active receptors [29]. The 
ternary complex model for Hh signaling suggests that there 
are two independent binding sites on Smo wt , one specific 
for the agonist and another specific for antagonists. 
Binding at either site would decrease the affinity for inter- 
actions at the other site (allosteric binding with high nega- 
tive cooperativity). The agonist-bound form represents the 
normal activated state, while the antagonist-bound form is 
considered the inactive conformation. There are also other 
conformations that would not be bound, or would be 
transiently bound, by both ligands. A signaling pathway 
coupler, or effector (in blue), is proposed to bind the acti- 
vated state of Smo wt so as to generate a complex competent 
to initiate Hh signaling. Throughout the discussion the 
term 'coupler/effector' is used to describe an unknown 
molecule that binds activated Smo in such a way as to 
trigger signal transduction. The model further suggests that 
the Smo act protein resides in a stable conformation in the 
absence of agonist that is capable of forming an active 
coupler/effector complex resistant to antagonist, but not 
agonist, binding. 

Specifically, our data suggest that the agonist binds and 
stabilizes (or induces) an active signaling state of Smo 
while the antagonists bind and stabilize (or induce) an 
inactive form. Furthermore, the gain-of-function Smo 
mutation renders the protein less sensitive to the 
inhibitors, presumably because the amino-acid substitu- 
tion directly stabilizes or induces an active conformation. 
On the basis of a simple two-state model, one might 
predict an increased affinity of the agonist for the mutant 
form, but in our studies binding of the agonist, unlike the 
antagonist, is not affected by the activating mutation, sug- 
gesting that a more complex model requiring two binding 
sites and perhaps multiple active conformations is needed 
to account for the observations. Thus, we propose a varia- 
tion of the classic 'ternary complex model' (Figure 8), a 
decades-old paradigm that has provided the foundation 



for describing ligand induced conformational changes of 
GPCRs [31]. 

Briefly, if this model is applied to Hh signaling, it proposes 
that, firstly, agonist and antagonists act at independent sites 
to select active and inactive conformations of Smo; sec- 
ondly, that Smo engages an undefined coupler/effector, 
when it is in its signaling state; and finally, that the gain-of- 
function mutant form of Smo, Smo act , adopts an abnormal 
conformation that resembles the coupler/effector-bound 
signaling state of Smo with low affinity for antagonists but 
normal affinity for the agonist. 

Activating Hh signaling through the GPCR-like Smo 
receptor 

As a receptor class, GPCRs are considered excellent drug 
targets because they are often regulated through interactions 
with small natural ligands [32,33]. Specifically, studies of 
classic GPCRs, such as the (3-adrenergic receptors, show that 
in the absence of endogenous ligand (agonists) these recep- 
tors exist in multiple interconvertible conformations that 
are predominately inactive [34]. Upon exposure to their 
natural ligands, however, the active receptor forms are pref- 
erentially stabilized, allowing them to readily engage 
G-protein couplers and to create signaling-competent com- 
plexes. Multiple compound classes have been isolated on 
the basis of their ability to compete for the binding of 
P-adrenergic receptors by their natural ligands. These com- 
petitors can mimic the natural ligand activity (agonists) or 
interfere with it (antagonists). 

In addition to the binding sites for natural or endogenous 
agonists (orthosteric sites), many GPCRs have also been 
found to have allosteric sites [35]. These sites can bind 
natural ligands, as in the case of Zn ions and heparin for 
the dopamine and neurokinin receptors, respectively, or 
bind synthetic drugs such gallamine, in the case of the 
muscarinic receptors [35]. Binding of small molecules to 
these allosteric sites can modulate activity of a receptor 
without directly mimicking or competing out the interac- 
tion of ligands to the orthosteric sites. In summary, GPCRs 
have an array of potential regulatory binding sites, or 
potential drug targets. 

How does Smo compare with other GPCRs with regard to 
the properties described above? Although there is clear 
structural homology between Smo and other GPCRs, 
endogenous ligands have yet to be discovered. Early models 
of Hh signaling proposed a Hh-regulated Ptc-Smo complex 
mat directly controlled the conformation of Smo, making 
endogenous ligands unnecessary. But recent studies argue 
against this stoichiometric model [5,36], indicating that 
perhaps natural ligands should be considered. Furthermore, 
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(a) Two-state model 




(b) Ternary-complex model 



Smo wt Smoact 




Figure 8 

Models of small-molecule modulators binding to Smo. (a) The two-state model shows direct competition for a single binding site between the 
agonist (Ag, green square) and the antagonist (Ant, pink circle), (b) The ternary complex model suggests that there are two independent sites, and 
that agonist and antagonists are in a dynamic equilibrium (denoted by arrows) between Smo conformers bound at one site, both sites or not bound 
by ligand. On the basis of experimental data, binding at either site would decrease the affinity of interaction at the other site (allosteric binding with 
high negative cooperativity). A hypothetical signal transduction coupler, or effector, (the blue structure labeled X) is introduced in the ternary 
complex model. A coupler/effector-bound form is considered to be the active signaling complex. According to the model, only single active agonist- 
bound species of Smo m is seen (bottom left). For Smo act (bottom right), the model predicts that the activating point mutation, W539L, results in a 
stable, distorted form of Smo that binds the antagonist poorly and has an increased affinity for the coupler/effector, even in the absence of agonist, 
thus leading to elevated basal signaling. This mutant form can nevertheless bind agonist and assume a conformation like that of the normal activated 
Smo w . Residue 539 is designated as either W for Smo** or as L in the Smo act mutant. 



regarding G-protein-effector coupling for Smo, the results 
are also equivocal. Although no compelling data have been 
presented that directly link classic G-protein activation [37] 
to the canonical Hh pathway involving Ci/Gli stimulation 
[2], recent studies show that under certain conditions Smo 
can engage G-protein subunits in a Ptc-dependent manner 
[38] and that G-protein-mediated cAMP modulation may 
underlie certain effects of Hh on neuronal tissue [39]. 



Finally, with respect to pharmacological properties, our 
studies indicate that Smo behaves like a classic GPCR in 
many regards and that the models used to describe this 
large family of receptors can be applied to Hh signaling 
(Figure 8). Two relatively novel concepts for Hh signaling 
are raised by these GPCR models: firstly, the importance 
of considering the active Smo-coupler/effector complexes 
when modeling pathway regulation, and secondly the 
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potential for endogenous ligands in the regulation of 
Smo activity. 

GPCR models for Smo and potential mechanisms of 
Ptc function 

A recent study in Drosophila suggested that Hh stimulates 
the pathway via Ptc degradation and, as a result, Smo is sta- 
bilized through extensive phosphorylation at the plasma 
membrane where it initiates signaling [5]. This led to specu- 
lation that a Ptc-regulated phosphatase may control the sub- 
cellular distribution and stability of Smo [5]. Although 
suggestive, the studies in Drosophila did not establish that 
phosphorylation, translocation or stabilization of Smo is 
required for pathway stimulation. It is plausible that some 
or all of these effects on Smo result from a feedback inhibi- 
tion mechanism that targets the activated Smo receptor. 
Interestingly, while we did observe stabilization of Smo by 
Hh in our mammalian cell experiments (Figure 5), we did 
not detect Smo phosphorylation or translocation to the 
plasma membrane (data not shown). Perhaps the cellular 
(or species) context dictates the degree to which the active 
conformations of Smo are associated with such changes. 
Thus, in considering models of Ptc function based on Hh- 
stimulated effects it is important to consider whether the 
form of Smo that is being observed is the active 
(coupler/effector bound) signaling state, or perhaps a 
downregulated and inactive form. 

Several potential points for regulation by Ptc during the for- 
mation of a Smo-coupler/effector complex are apparent in a 
ternary complex model. The ideas proposed for the 
Drosophila system, in which Ptc may affect the levels of Smo 
or its subcellular localization, are easily accommodated. Ptc- 
induced instability of Smo protein would indirectly reduce 
the concentration of an active Smo-coupler/effector 
complex. Furthermore, limiting access of Smo to its effector 
through targeted vesicle trafficking would prevent a signal- 
ing-competent complex from forming. Alternatively, Ptc 
could more directly maintain Smo in an inactive state. On 
the basis of our studies it is tempting to speculate that 
native small molecules with properties similar to our 
agonist and antagonists act directly on Smo in a Ptc-depen- 
dent manner. These putative endogenous Smo modulators 
could represent orthosteric or allosteric ligands. 

The simplest model would have Ptc acting catalytically to 
dock a natural antagonist directly onto (or remove an 
agonist from) Smo. A more complex model would involve 
Ptc restricting die distribution of Smo such that it is forced 
into compartments containing the natural antagonists or 
lacking the natural agonists. Finally, Ptc could control the 
distribution of the endogenous small-molecule modulators 
themselves. Ptc shares sequence homology with molecules 



associated with vesicle trafficking and transporter activity, 
namely SCAP and NPC1 [36,40-42]; if it also shares the 
activities of these molecules, as suggested by a recent study 
[36], then the possibility of the existence of endogenous 
Smo ligands that are docked via Ptc should be explored. 

Therapeutic potential of a Hh-pathway agonist 

Various studies in mammals have shown that Hh genes are 
expressed in discrete areas of the adult organism and may 
function in the normal maintenance of mature organ 
systems [43-46]. In addition, the regenerative healing of 
vascular and skeletal tissues following acute injuries appears 
to be aided by re-activating the Hh-signaling cascade 
[47,48]. Taken together, these observations suggest that the 
Hh pathway may represent a point of intervention for treat- 
ing certain degenerative disorders. Two recent studies in 
models of Parkinson's disease and peripheral nerve damage 
support this claim, by demonstrating that pathway activa- 
tion with a Hh-protein ligand has therapeutic value [49,50]. 
On the basis of our current understanding of these models 
and tiie specific mechanism of action of the Hh agonists, we 
predict that an agonist-derivative with low toxicity and 
favorable pharmacokinetics would replicate these positive 
results. As a drug, a Hh agonist would represent an attractive 
alternative to an expensive Hh-protein therapeutic. Beyond 
the economics, for disorders of the central nervous system a 
small molecule with the potential to cross the blood-brain 
barrier would eliminate the need for injections directiy into 
the brain, the current delivery mode for central nervous 
system protein therapies. 

Materials and methods 

Chemical libraries and medicinal chemistry 

The compound libraries used in our screens were purchased 
from a number of commercial vendors and were primarily 
generated by combinatorial chemistry approaches. The Hh- 
agonist class was isolated from a library synthesized by 
Oxford Asymmetry International, now EvotecOAI. The 
derivatization of this compound class utilized standard pro- 
cedures, the details of which will be published elsewhere. 

Cultured cell line assays 

TM3 and C3H10T1/2 cells (ATCC; Manassas, USA) were 
maintained according to the instructions of ATCC. Stable 
Hh-signaling reporter cell lines were established by G418 
selection following transfection with a luciferase reporter 
plasmid [20] containing the neomycin-resistance gene. Hh 
signaling was monitored by plating cells at 70% confluence 
in growth medium. After 24 hours the cells were changed to 
0.5% serum-containing medium, and Hh protein or com- 
pounds were added; 24 hours later the cells were either 
monitored for luciferase activity using the Luc-lite assay kit 
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(Packard Instrument Company, Meriden, USA) or harvested 
for RNA isolation using an RNA isolation kit (Qiagen; 
Valencia, USA). RNA was subjected to quantitative RT-PCR 
analysis (Taqman; Applied Biosystems, Foster City, USA) uti- 
lizing GUI, Ptcl and GAPDH primers and probes. Assays were 
run on a Prism 7700 instrument (ABI; Applied Biosystems). 

Recombinant Hh protein 

The Hh protein used in the studies described here was bac- 
terially overexpressed amino-terminal human Shh modi- 
fied at its amino-terminal cysteine by an octyl maleimide 
moiety [21]. This lipophilic Shh form showed comparable 
potency to native Shh in the cell-based reporter assay (data 
not shown). 

Retroviral cell lines 

Mouse Smo and Ptcl genes were introduced by a retroviral 
approach utilizing the pLPCX vector (Clontech; Palo Alto, 
USA) to limit the copy number per cell. Stable HA-Smo and 
Ptc-GFP lines were established by puromycin selection fol- 
lowing infection of TM3 cells with the respective retro- 
viruses. TM3 cells expressing both epitope- tagged Ptc and 
Smo were derived by infecting first with an HA-Smo con- 
struct and subsequently with a Ptc-GFP construct. The levels 
of Ptc were relatively low in these lines and a standard 
immunoprecipitation procedure followed by western blot- 
ting was required to detect the Ptc-GFP protein. The HA-Smo 
protein was highly expressed and was easily detected in 
western blots of whole cell extracts. The HA tag was sub- 
cloned into the Smo gene so that it would reside immediately 
after the Smo signal sequence. The GFP tag was inserted 
before the stop codon of the Ptc open reading frame. 

In utero Hh-signaling assays 

Generation of Ptcl UlcZ , Shh and Smo mutant mice has been 
described previously [25,26]. Ptcl lacZ ^ mice were kindly pro- 
vided by Matthew Scott. Shh^ and Smo + f' mice were kindly 
provided by Andrew McMahon. Agonist solution was pre- 
pared in fine suspension in 0.5% methylcellulose/0.2% 
Tween 80 at 1 .5 mg/ml. Compound was administered by 
oral gavage to pregnant mice once a day for two days at 
100 \i\ per 10 g body weight Embryos were collected 24 
hours later. Whole-mount in situ hybridization with Ptcl 
probe and X-gal staining for whole-mount P-galactosidase 
detection were performed as described [26]. For histology, 
embryos stained with X-gal were post-fixed in 4% 
paraformaldehyde, wax-embedded, and 20 fxm sections 
were prepared. 

Primary cerebellar cultures 

Cerebellar neurons were dissected out of postnatal (one 
week) rat brains, and placed into primary cell culture. 
Briefly, cells were placed in 96-well plates at a density of 



approximately 150,000 cells per well in basal medium of 
Eagle (Gibco; Carlsbad, USA) supplemented with 26 mM 
KG, 2 mM glutamine and 10% calf serum. Treatment 
agents were added once, on the first day of culture (0 DIV). 
Cells were left in culture until 2 DIV, when [ 3 H] -thymidine 
was added for 5 hours. Cells were then lysed, and the 
incorporation of [ 3 H] -thymidine was determined by scintil- 
lation counting. 

Neural plate explant assay 

Intermediate regions of the open neural tube (i-explants) 
were dissected from stage 10-11 chick embryos and embed- 
ded in collagen gel [23]. Exp 1 ants were cultured in Ham-F12 
supplemented with 3 g/1 D-glucose, Mito Serum Extender 
(Collaborative Research; Bedford, USA), penicillin/strepto- 
mycin (Gibco), 2 mM L-glutamine (Gibco) and Hh-Ag 1.3 
(0.1, 1, 10, 20, 200 and 1000 nM prepared as 1000X stocks 
in DMSO; n = 6 explants). As a control, some explants were 
cultured with vehicle alone or with octylated Hh-N recom- 
binant protein. Cultures were fixed after 22 hours, stained 
with mouse monoclonal antibodies against Pax7, MNR2 or 
rabbit polyclonal antibodies against Nkx2.2 and the 
number of immunoreactive cells per explant counted. 

Whole cell/immunocomplex binding assay 

Cultured cells - 70% confluent 293T cells in 6-well plates - 
were either left untransfected or transfected using Fugene6 
with a pCDNA3.1 construct containing HA-tagged Smo or 
v5-epitope tagged p2AR (Invitrogen; Carlsbad, USA). After 
48 hours cells were switched from 10% fetal bovine serum 
containing DME media to 0.5% FBS containing media sup- 
plemented with either 5 nM [ 3 H] -Hh-Ag 1.5 alone or 5 nM 
[ 3 H]-agonist plus 5 u-M of various competitors (see Results). 
After 2 hours of incubation at 37 °C, cells were washed one 
time with PBS and subsequently lysed in 0.5 ml of 
lysis/wash buffer containing 1% NP40 in Tris-buffered 
saline plus an EDTA-free protease inhibitor cocktail (Roche; 
Indianapolis, USA) for 20 minutes at 4°C. Cell extracts were 
spun at 14,000 rpm in a microcentrifuge and supernatants 
were incubated for 40-60 minutes with either anti-HA beads 
(Roche) or anti-v5 antibody (Invitrogen) and Protein A 
beads (Pierce; Rockford, USA) to form immunocomplexes. 
Immunobeads were then spun down and washed three 
times with 0.5 ml lysis/wash buffer per wash. The washed 
pellets were then resuspended in SDS sample buffer and 
combined with scintillation fluid. Counts per minute (cpm) 
for each sample were then determined in a scintillation 
counter (Packard topcount). 

Membrane binding assays 

Membranes were prepared as follows. Briefly, approxi- 
mately 10 s cells were transfected with pcDNA 3.1 constructs 
(Invitrogen) bearing either murine Smo (wild-type or 
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W539L mutant), GFP, rat 02AR (Invitrogen), or murine Ptc 
cDNAs using Fugene 6 (Roche). After 48 hours cells were 
harvested by scraping in PBS, centrifuged at 1,000 x g for 
10 minutes, and gently resuspended in around 10 ml of a 
50 mM Tris pH 7.5, 250 mM sucrose buffer containing an 
EDTA-free protease inhibitor cocktail (Roche). This cell sus- 
pension was then placed in a nitrogen cavitation device 
(Parr Instrument Co, Moline, USA) and exposed to nitrogen 
gas (230 psi) for 10 minutes. Lysed cells were released from 
the device and centrifuged at 20,000 rpm in an SS34 rotor 
for 20 minutes at 4°C. Supernatants were discarded and the 
pellets were resuspended in 10% sucrose, 50 mM Tris pH 
7.5, 5 mM MgCl, 1 mM EDTA solution using three 
10-second pulses with a Polytron (Brinkman; Westbury, 
USA) at a power setting of 12. Using these membranes, fil- 
tration binding assays were performed according to previ- 
ously described protocols [28]. To reduce nonspecific 
binding, 96-well filtration plates (fiberglass FB filters; Milli- 
pore, Bedford, USA) were pre- coated as suggested by the 
manufacturer with 0.5% polyethyleneimine + 0.1% BSA 
and then washed four times with 0.1% BSA. 

For association and dissociation studies, membranes 
(1.5 jxg total protein) were incubated in polypropylene 
tubes with 2 nM [ 3 H]-Hh-Ag 1.5 in the presence or absence 
of 2 |xM competitor in binding buffer (50 mM Tris pH 7.5, 
5 mM MgCl, 1 mM EDTA, 0.1 % bovine serum albumin) 
plus EDTA-free protease inhibitor cocktail (Roche) in a 
final volume of 250 jxl for 1-26 hours at 37°C, For satura- 
tion and competition binding analysis, membranes (1.5 jxg 
total protein) were incubated on the plates with various 
concentrations of the [ 3 H]-Hh-Ag 1.5 (plus and minus 
competitors) in binding buffer plus EDTA-free protease 
inhibitor cocktail (Roche) at a final volume of 1 ml for 
approximately 45 hours at 37 °C to allow binding to reach 
apparent equilibrium. Binding reaction mixtures (0.2 ml 
for association/dissociation studies and 0.75 ml in satura- 
tion and competition experiments) were then transferred to 
the pre-coated 96-well filtration plates (Millipore fiberglass 
FB filters), filtered and washed over a vacuum manifold 
with six 300 jxl per well washes of binding buffer supple- 
mented with 2% hydoxypropyl cyclodextrin (HPCD; 
Sigma; ST Louis, USA) + 0.1% BSA to decrease non-specific 
binding. Identical results were obtained if incubations were 
done in borosilicate glass or siliconized plastic tubes. 
Centrifugation assays were also performed that replicate the 
filtration assay results (data not shown). Additionally, these 
experiments showed that the extent of ligand depletion was 
less than 10% in these studies. Binding- kinetics experi- 
ments were performed similarly to the saturation and com- 
petition studies. All binding data were evaluated using a 
nonlinear regression analysis program (Prism; GraphPad; 
San Diego, USA). Kj values were calculated using the 



Cheng- Prusoff correction equation [28], where Kj = 
IC 50 /l+[L]/K d , and K d for Hh-Ag 1.5 was determined to be 
0.37 nM by the saturation analysis. 

Note added in proof 

Related results demonstrating the action of cyclopamine on 
Smo have been reported by Beachy and colleagues [51,52]. 
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